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~ary: Modification of the Surface Mechanical Properties of C
eramic 
Materials by Ion Implantation 
Implantation to doses greater than ~4 x 10
17Nz+crn· 2 at ~100 kv was known to 
substantially change the friction and wear behaviour of cemented
 carbide 
mat erials; this study aimed to investigate the mechanism behind 
such changes. 
The approach adopted was to study the variation, with dose, of si
mple surface 
mechanical properties of a variety of materials (silicon carbide, silicon, 
cemented carbide, lithium fluoride and metallic and inorganic gl
asses), 
covering a wide range of bond types , brittle/plastic behaviour, 
etc. Tests 
included microhardness testing and single point diamond scratch 
testing 
(observing both plastic and fracture response), and diamond paste and pin-on-
disc wear tests. Transmission electron microscopy was used to c
haracterise 
changes induced in near-surface microstructure by implantation a
nd/or deformation. 
All implantations were of ~so kv nitrogen, in the dose range ~10
17
-10 18 ions 
cm-2 , apart from some boron implantations into silicon carbide .. 
Significant results included: 
a) Surface softening of silicon carbide, silicon and cobalt. This change 
;.... ,1 t-<.-..,.., '11. (.!, 1 7 + 
occurred in the first two mr::t:n±::t, abruptly at dose ~4 x 10 N2 cm·
2
• 
b) Suppression of lateral fracture around indentations and scratch tracks in 
b rittle materials , the effect increasing with dose. 
c) A hexagonal to cubic phase change was induced in silicon carbide by implant-
ation (of boron or nitrogen) and subsequent deformation. 
d)Minor changes were observed in the microhardness, etc , behaviour of cemented 
c arbide, glasses & lithium fluoride . 
The suppression of -certain types of fracture by implantation is 
thought to be 
due to the surface stress state associated with high-dose implan
tation. Effects 
on plastic behaviour are more substrate/ion specific , put, in si
licon and 
silicon carbide , are possibly via alterations to the electronic 
properties of 
the materials. 
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CHAPTER 1 
INTRODUCTION 
1.1 Project Background 
This project arose from the application of a new technology, ion 
implantation, to the problems of friction and wear, which have a history as 
old as the science of mechanics. The field of friction, lubrication and 
wear is now called tribology. It is interesting to note that the effects of 
ion implantation, and radiation in general, on the structure of materials 
are quite well understood (see chapter 2), whereas despite the engineering 
importance and long history of tribology, only a few general principles 
have emerged and many fundamental problems are still unresolved ( see 
chapter 3). 
The first particle accelerators were constructed in the 1930's, but 
it was not until after the second world war, with the huge civilian and 
military interest in the possibilities of nuclear fission, that large 
scale studies of radiation damage in materials were undertaken. Machines 
to accelerate charged particles to high energies became available; 
initially these were used to simulate the effects of neutron and 
alpha-particle impact on possible reactor materials (this line of 
research still continues, with the growth of fission power and the 
prospect of controlled nuclear fusion). Interest in the possibility of 
doping semiconductor materials by accelerated particle beams (of energies 
typically 30- 200kV) grew as the limitations of diffusion doping methods 
1 UNIVERSITY 
UBPARY 
CMJl8Ri00E 
for these applications became apparent. By the early 1970's a large number 
of researchers were working in this area, and a series of conferences, on 
the subject of 'Ion Implantation into Semiconductors' (see conferences in 
reference list) reflect this interest. Currently, the majority of papers 
published in the field of radiation damage, and almost the entire 
literature on ion implantation, are concerned with semiconductor doping 
and especially the problems of device activation by the annealing of 
structural and electronic radiation damage while retaining the implanted 
dopant (see 2.2.1). 
It is only very recently that the possibilities of altering the 
surface chemical and mechanical properties of materials have been 
realised and systematically investigated; A brief summary of anticipated 
applications in these areas was published by Brown (in Proc. 2nd Int. Conf, 
1971, p430); Subsequent progress in these fields is reviewed in sections 
2.3 and 2.4. In a variety of materials, effects of implantation, often 
significant property improvements, have been reported for corrosion, dry 
oxidation, hardness, wear, friction and fatigue. The doses required to 
bring about these changes are much higher than those required for 
semiconductor doping; typical doses are of the order of 10 16 to 1018 ions 
cm-2; At these doses; the implanted ions can be present in the surface 
layer in concentrations of up to 10-50%, and the effects of sputtering 
often become significant (see 5.1;2). 
The work in which this project has its basis is that of Dearnaley 
and colleagues in the ion implantation group at AERE Harwell, on the 
friction and wear properties of implanted steels and cemented carbides 
[eg. Dearn·aley (1978b)]. It was found that in these materials, 
implantation, particularly of nitrogen, to doses greater than 1017 cm-2 
could significantly reduce friction and wear rates in both simple geometry 
laboratory test specimens (eg. pin-on-disc tests) and industrial 
components such as wire-drawing dies, punches and drills. Wear lifetimes 
were often extended by factors of 4 or 5. The general aim of the project 
was to investigate the effects of implantation, especially of nitrogen, on 
various materials, with the aim of elucidating the mechanisms by which 
surface mechanical properties could be altered, with particular reference 
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to cemented carbide materials and wear-related properties. This approach 
to the project is detailed in the next section. 
1.2 Project Overview 
The general approach of this project was to examine unimplanted and 
implanted samples of as wide a range of materials as possible, to see if 
implantation could produce measurably different responses to macroscopic 
mechanical tests ( eg. microhardness, scratch tests), and to attempt to 
correlate any such changes with the structural, etc. damage produced by ion 
implantation and with experimental observations of microstructures of 
implanted materials. The materials examined were: silicon, silicon carbide, 
lithium fluoride, silica glass, a metallic glass, WC-Co cemented carbide 
and cobalt. These materials cover almost the full range of structural and 
bonding types and plastic/brittle behaviour, although the project is 
biased towards the study of non-metallic materials for reasons given in 
section 1.1. The tests performed were those most likely to detect changes 
in the near-surface behaviour of solids, ie. microhardness and wear tests. 
Initially, work was performed on the microhardness behaviour of 
WC-Co (see 5.3.3), since it was thought that results from such tests might 
have a bearing on the wear test results reported by Dearnaley (see 5.3.2). 
However, no changes in such behaviour were found to be produced by 
nitrogen implantation even to very high doses; moreoever, the 
microstructure of the material is very complex and its likely response to 
mechanical tests difficult to predict or model. A broader approach to the 
investigation, as detailed above, was therefore adopted, concentrating on 
materials of relatively simple microstructure and well-defined mechanical 
properties , in the hope of gaining a general understanding of the effects 
of implantation on a wide range of materials. 
The materials used and their properties are l isted in table 1.2a; 
more details are given in the appropriate sections of chapter 5. The 
growth in the range of materia l s types st udied occurred as the projec t 
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progressed and the complexity of the possible effects of implantation, and 
their interactions and interdependencies, became appreciated ( see 2;2) . 
These effects are listed in table 1.2b. For most of the materials studied , 
almost all of these effects could be active in altering the surfac e 
plasticity and/or fracture behaviour, thus changing the wear, friction , 
hardness and fatigue reponse. Table 1;2c lists; for each material, the 'a 
priori ' most likely active effects of implantation . In chapter 6; these are 
re-examined in the light of the experimental results presented in chapter 
5, especially from the comparison of results for different materials types 
and (for SiC) different ion species. 
The experimental techniques used are described in detail in chapter 
4. Choice of techniques was limited by the equipment available and by the 
difficulties of studying the behaviour of a thin, non-homogeneous, 
near-surface layer. Detailed studies of the microhardness response, 
particularly the indentation size effect (ISE - see 4.4.1), were used to 
gain semi-quantitative results for the plastic behaviour of the 
implantation-affected layer . Transmission electron microscope (TEM) 
studies, of both plan-view and cross-sectioned specimens (see 4.6) , were 
undertaken for SiC, Si and WC-Co, so as to examine the deformation 
mechanisms in or near the implanted layer. The fracture response of the 
surfaces was studied by examination , by light microscopy and scanning 
electron microscopy (SEM) , of crack patterns around and beneath 
indentations (4.4.2) and around single-point diamond scratch tracks 
(4 . 5. 1) . Other techniques used we r e elec t ron channelling (5 . 2.6) , 
e xamination of pin-on- disc wear specimens of WC-Co (4.5.3, 5. 3.4, 5. 3.5) , 
laser beam. annealing of silicon specimens (5.2.5) and nuclear r eact i on 
anal ys i s o f implanted spe c i mens (4 . 2, 5.1.2, 5.3.6) . 
Resul t s i ncl uded: 
i ) Changes in the microhardness behaviour of silicon (5.2.2) , si l icon 
carbide (5 .1. 3 ) and cobal t (5.3. 6 ) , in all cases showing a s ur face so f tening 
after implan tati on. 
i i) Changes in the fr acture behaviour of all the brittl e materials 
s tudied, lateral fracture around indentations, in particulc1r , being 
suppressed (5.1.4 , 5.2.3; 5.4. 4) . 
4 
iii) Phase changes induced by implantation and deformation in silicon 
carbide (5.1.7). 
Not surprisingly, for an investigation into 'virgin territory', many 
of the results found were serendipitous rather than anticipated. In 
several cases, results opposite to those expected were found, for example, 
the effect of boron implantation on the phase change in silicon carbide, 
or the reduction in the surface microhardness of cabal t by nitrogen 
implantation. Perhaps the only general conclusion one could draw about the 
effects of implantation on the hardness, friction and wear of materials is 
that each ion/substrate/property combination merits individual 
investigation. The results to date, however, indicate that such 
investigations may yield scientifically and commercially useful results. 
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Material 
Si 
SiC 
LiF 
Si02 
Metglass 
REFEL 
WC-Co 
Co 
TABLE 1. 2a 
Experimental Materials and their Properties 
Bond 
Type 
Brittle/ 
Plastic 
(room temp) 
Hardness 
(kgmm-2 ) 
Notes 
Single Crystal Materials 
covalent brittle 
covalent brittle 
ionic semi-plastic 
-3000 
-200 
Semiconductor. Effects 
of low-dose implantation 
extensively studied. 
Polytypic Semiconductor. 
Amorphous Materials 
covalent brittle -1300 
metallic plastic -s50 Deforms by 'shear bands'. 
Composite and Polycrystalline Materials 
covalent brittle Composite of SiC & -5% Si. 
mixed 'plastic' Wimet 'N' grade - 6% Co. 
metallic plastic 
TABLE 1.2b 
'Simple' Effects of High-Dose Ion Implantation 
1) Displacement damage to the Crystal Structure: 
In the implanted layer, each parent atom is displaced many times, 
leading to an amorphous or highly recrystallised structure. 
2) Production of a Surface Stress Field: 
3) 
Predominantly in-plane compressive in 
expansion of the damaged parent 
concentration of foreign atoms. 
Electronic Effects of the Implanted Atoms: 
most cases, 
structure and 
due to 
the 
the 
high 
In covalent materials, the band structure may be altered by the 
structural damage and by the doping by the implanted atoms. 
4) Physical Effects of the Implanted Atoms: 
These include solid solution dislocation pinning, 'Cottrell 
atmosphere' effects of implanted interstitial atoms, etc. 
5) Chemical Effects of the Implanted Atoms: 
Chemomechanical effects are known to exist in a wide variety of 
materials; and altering the surface chemistry by implantation may 
produce such effects. 
6) Phase Stabilisation Effects: 
In polymorphic materials, the presence of implanted atoms may affect 
the relative stabilites of the possible phases. 
TABLE 1. 2c 
'A priori' Most Probable Effects in Experimental Materials 
Material Si SiC LiF Si02 Metglass WC-Co Co 
Effect 
Amorphisation * * * * * 
Sur face Stress * * * * * * * 
Electronic * * (*) * 
Effects 
Physical * * * (*) * * Effects 
Chemical * * * * * * * 
Effects 
Phase * (*) * Stabilisation 
CHAPTER 2 
LITERATURE SURVEY: ION IMPLANTATION 
2.1 Basic Radiation Damage Processes 
The ways in which energetic particles or photons interact with 
single stationary atoms and non-crystalline or crystalline agglomerations 
of atoms are reasonably well understood. Several elementary and advanced 
textbooks exist on the subject eg. those of Chadderton (1965), Thompson 
(1969), Carter and Grant (1976), and most of the material in this section 
is drawn from these sources. References will therefore only be given where 
specific items of information, eg. regarding the characteristics of 
materials used in the work, are used. The line diagrams in this chapter are 
taken from the book by Carter and Grant (1976). 
2.1.1 Collisions With Single Atoms 
Even the simplest radiation damage event is in reality rather 
complex; an atom or ion, consisting of a small nucleus surrounded by a 
cloud of electrons approaches and interacts · with another similar entity, 
with resultant changes in their energies and momenta . Essentially t wo 
different types of interaction can occur, though these are extreme cases 
of the real 'mixed' situation. Momentum can be transferred to the target 
atom as a whole ('elastic' collision), or to its electron cloud alone , 
leaving the nucleus unaffected ('inelastic' collision) . It is found ( see 
6 
later) that the electronic processes predominate at high energies and the 
elastic collisions at low energies. The transition between the two regions 
is gradual; however it is a useful approximation to define an energy at 
which the transition in behaviour is taken to occur sharply. The two types 
of interaction and the value of the 'cut-off' energy are discussed below. 
i) Elastic Collisions 
Except for the case of neutron irradiations, the forces between 
approaching particles are electromagnetic. Even for this special case, 
much of the damage resulting from neutron irradiation is due to 
'knocked-on' parent atoms, and so electromagnetic interactions are the most 
important ones. Electromagnetic forces are, in principle, effective at any 
distance, and various models of the interactions of atoms have been 
proposed, based on the orbital dynamics of particles under the influence 
of some variant (with corrections for 'screening' by orbital electrons, 
etc.) of the Coulomb potential, V(r): 
2.1 . 1a 
[e=electronic charge, Z=atomic no., subscripts 
1 & 2 refer to incident & target atoms respectivelyj 
These approximations to the true interactive potential lead to 
· roughly similar results. A very drastic, but still reasonably 
experimentally accurate 
'hard-sphere' model -
approximation is 
-- ) roo V (r) 1 
for r<r c 
for i:->r c 
simply to assume the 
2.1.1b 
The value of r c can be derived by experiment; or from calculations 
from the models of the type expressed by equation 2. 1.1a; it is found to 
vary with the energy of the incident ion (see later). From these models , 
the various scattering parameters of ion-atom interactions can be 
calculated (eg . distribution of scattering angles and energy transfer). 
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However, the fundamental questions from the point of view of 
ion-implantation studies are: 
a) How likely is a collision? (ie. what is the mean free path of a 
moving atom?) 
b) How much energy is transferred in a collision? 
c) How do these energies compare with those needed to remove an atom 
from its position in .the solid? 
The first question is the most difficult to answer, even at a high 
level of approximation, and is discussed more fully in section 2.1.4. The 
general approach adopted is to consider the mean free path of the incident 
ion in an amorphous substrate, and to regard any modifications due to 
crystallini ty as 'exceptions' ( see 2~1.2). The interaction cross-section 
(related to the probability of collision) must then be evaluated as a 
function of particle energy, etc. 
The question of transferred energies is relatively simple to solve 
if the hard-sphere approximation is used; the maximum energy that can be 
transferred to a stationary atom c.tEmax) is given by: 
[M = mass, E = energy, of particle; subscripts 1 and 2 refer 
respectively to the incident and target particles] 
2.1.1c 
The mean energy transferred (ff,) is exactly half this value , assuming a 
random distribution of collision geometries~ 
The energy[:£ should now be compared with that required to displace 
a target atom from its site in the solid (Ed). This obviously varies with 
the direction in which the target atom is displaced with respect to the 
crystal structure; it is therefore convenient to define an energy Ed which 
when imparted to a target atom has a 50% chance of displacing it. Ed has 
been evaluated by both theoretical and experimental studies, as detailed 
below. 
8 
A simple approach to a value for Ed, based on a knowledge of the 
sublimation energies for solids (Es)• is originally due to Sietz [Carter 
and Grant (1976) p123]. An atom displaced from its site inside the crystal 
breaks twice as many bonds as one leaving the surface by sublimation, and 
one would therefore expect Ed= 2Es. This estimate must be increased since 
sublimation is an equilibrium p~ocess and a displacement collision is a 
highly non-equilibrium one. If it is estimated that the non-equilibrium 
nature of the process doubles the energy required (or alternatively, if 
the energy of the interstitial atom formed is included in the total), then 
Ed = 4Es. Es for most sol ids is 5-6eV, and so Ed is deduced to be 20-25eV. 
Approaches based on discrete bond breaking have also been applied to 
covalent solids, and lead to roughly the same values. 
Ed has been measured experimentally for many solids; methods used 
have included: 
a) Luminescence studies [ eg. Loubser et al. ( 1969) ]; 
b) Electron spin resonance [ eg. Gieczy et al. ( 1967) ]; 
c) Direct observation in the HVEM, using the electron beam both as the 
source of displacing particles and as a means of observation. 
The last method has been used by Hudson and Sheldon (1973) and H0nstvet et 
al. ( 1980) for Si C; Ed is found to be 50-1 OOeV, depending on orientation. 
This high value reflects the strength of the covalent bonds in this 
material. Ed for Si is given by Carter and Grant (1976) (p128) as -15ev, 
but no source is cited. 
The displaced atom may have a much higher energy than Ed, and thus 
cause further displacements. The incident particle may also retain enough 
energy to displace other parent atoms. Thus a single energetic incident 
particle can create, directly and indirectly, many defects. The geometry of 
such damage tracks is discussed in section 2 . .1.3. 
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ii) Inelastic Processes 
These are interactions between the charge ( or charge dipole, etcJ 
of the incident particle and the electron cloud of the target atom. Proper 
treatment of such interactions would require quantum mechanical 
calculations; however, estimates of the energies at which such 
interactions occur can be obtained by use of equation 2.1.1c: 
!::£ = 4M 1M2 E1 (M1+M2)2 
2.1.1c 
Taking M2 as Me~ the mass of an electron, so M1 »M2: 
2.1.1d 
For energy transfer to occur, t::F. must exceed a critic al value for 
electronic transitions, which will typically be of the order of a few eV 
(Rydberg energy = 13.6eV), so that: 
2.1.1e 
Since Me=1 /2000 Dal tons, and if llcrit=1-4eV: 
with M1 in Daltons and c a constant near unity. 
If E1 falls below the critical value (Ee), only elastic processes can 
occur; above this value, inelastic processes assume increasing importance. 
Although the transition between predominantly elastic and predominantly 
inelastic processes are not sharp in reality, it is convenient to define 
an energy Ee at which a sudden transition between the two modes is assumed 
to occur. At energies >Ee, it is important for the determination of ion 
ranges (see 2.1~4) to know the rate of energy loss of the incident 
particle. Different approaches by Firsov (electron interaction model) and 
Lindhard (multi-process model), give similar expressions [Carter and Grant 
(1976) p38]: 
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dE = -c f(Z 1,z2 ,M1 ,M2 ,a0 ) E1112 dx 
where a0 is the Bohr radius. 
In fact, both these approaches are only fair approximations to 
experimental results, which yield non-monotonic variations of dE/dx with 
E. 
Thus the interaction of a high energy particle with a solid can be 
seen to consist of: 
a) a high energy regime, where processes of electronic interaction 
predominate ( 'inelastic regime'); 
b) a low energy regime where whole-atom collision processes are 
dominant ('elastic regime'). The dividing energy, Ec, between these two 
regimes is of the order of M1keV~ though the transition is not sharp. 
2.1.2 Effects of Substrate Crystallinity 
The existence of long range order in the material through which an 
ion or knocked-on atom travels can act so as to extend the range of such 
particles beyond that for travel through an amorphous material. The 
operative processes can be divided into two classes: channelling effects 
and collision ordering effects; both are strongly direction dependent. 
i) Channelling Effects 
In crystalline materials, particularly those with open structures 
( such as silicon and silicon carbide), there are certain directions in 
which continous spaces, either pipelike or planar, exist. The directions in 
which these channels are oriented tend to be certain low index lattice 
vectors or planes. In silicon (diamond cubic stucture), <110> directions 
and {110} and {111} planes can act as channels (see fig. 2.1.2.1). 
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Silicon crystal viewed along 
< 110> ax is 
FIG. 2.1.2.1 
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FIG. 2.1.2.2 (a) Paths of ions cl ose to a e:hannelling di rection; (b) The 
expected variat ion of Rutherford backscattering yield with angle close t o 
a channelling direction. 
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If a particle is projected along such a direction, and happens 
initially to be correctly positioned with respect to the substrate atom 
positions, it can travel a long way down the channel before interacting 
with a substrate atom. These effects have been the subject of computer 
modelling [ eg. Carter and Grant ( 1976) p71 J from which the general 
conclusions are: 
a) The majority of ions projected down a channelling direction are 
channelled to some extent. A small fraction c-5%) collide with the end 
members of atom rows, and have their directions randomised. 
b) Ions with a small angular misorientation with the true channelling 
direction (either from the orientation of the whole beam, or from a 
grazing collision with a 'row end' atom), move down the channel in an 
oscillatory manner. Such motion may be stable or may rapidly decay, with 
the ion being dechannelled. 
c) Ions within a certain angular range of the true channelling 
direction can have a greater interaction probability than ions travelling 
in a random direction. 
It follows that, if the back reflection from an ion beam entering a 
crystal near the channelling direction is monitored, the variation with 
angle is of the form shown in fig. 2:L2.2. This angular variation will 
change if interstitial atoms are present in the channels; this forms the 
basis of a powerful technique for studying the site distribution of 
displaced atoms [eg. Carter and Grant (1976) p87]. 
A well-channelled ion loses energy only by inelastic electron 
exitation processes. These processes are inefficient at energies less than 
Ec, and once a channelled ion has lost energy to this extent, it will 
travel a long way in the crystal before halting. The range theories 
discussed in the next section will therefore be modified if large crystals 
are implanted in these channelling direction's. In this study, evidence for 
channelling was found in lithium fluoride (see 5.5.3) . 
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ii) Ordered or Focussed Collisions 
This type of event is analogous to the 'Newton's Cradle' toy; an 
impulse is given to an atom in a long closely packed row, and momentum is 
transferred from one to the next along the row [eg. Thompson (1969) p196] . 
It is not necessary that the original impulse be along the line of atoms, 
as, under certain circumstances, a part of the obliquely applied momentum 
can be 'focussed' along a line of atoms. If the hard sphere approximation 
is applied, it can easily be shown that such an ordered series of 
collisions can only occur if the spacing between atoms is less than their 
diameter, with the incident angle range within which focussing can occur 
increasing with decreasing atomic spacing. At each collision stage in a 
focussed sequence, some energy will be lost, and eventually the sequence 
will finish, having transferred energy away from the initial collision 
site. 
iii) Replacement collisions 
These are similar to the focussed collision sequences , but involve 
transfer of matter as well as of energy. If an atom strikes another with an 
energy of between Ed and 2Ed, it can displace the target atom, but becomes 
itself trapped within the vacant site. Along closely packed rows, this 
process can continue in a focussed manner, finally producing an 
interstitial in the row (a 'crowdion'). More complex versions of this type 
of effect exist, where the collisions occur between widely spaced atoms, 
but with short channels between them, giving an additional focussing 
effect [eg. Thompson (1969) p216] 
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2.1.3 Damage Tracks from a Single Incident Particle 
The interactions of particles with non-structured solids (see 2.1.1) 
and the extra effects that can occur if the substrate is crystalline (see 
2.1.2) have been described. Genercilly, the track of a high energy incident 
particle consists of an initial section of inelastic interaction, followed 
by a length of track around which atoms are displaced. 
The description of this latter part of the track was first attempted 
by Brinkman ( 1954), who considered the damage produced by a primary 
knock-on in a neutron-irradiated solid. Brinkman distinguished between two 
sections in this final displacement-rich section of the track: 
i) that where the distances between diplacement collisions are large, 
ie. the higher-energy part (the 'thermal spike'); 
ii) that where the collision interval is of the same order as the 
interatomic spacing ( the 'displacement spike'). 
The transition between the two regimes is determined by the variation in 
the effective hard-sphere radius with energy. In the thermal spike, energy 
is lost between the spread-out displacement events by non-displacive 
'glancing' collisions , giving rise to high local temperatures. In the 
displacement spi ke, Brinkman assumes that all atoms within a certain 
region are displaced, temporarily forming a vacancy-rich core region with 
an interstitial-rich outer layer; this is followed by a collapse and 
recrystallisation with many defects in the forms of dislocation loops , 
microtwins, etc. 
The model of the sequence described above now needs to be 
quantified, in two ways: 
i) How many atoms are displaced ? 
ii) How long are the various sections of the track? 
The second of these questions requires elaborate calculations to gain a 
quantitative answer; models are reviewed in section 2.1.4. The first 
question can be relatively easily modelled in a way first suggested by 
Kinchin and Pease [eg. Chadderton (1965) p35J : 
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It is assumed that all the available energy is dissipated in 
displacive events, this energy being Ee for incident atoms of energy >Ee, 
and the incident energy itself if it is between Ee and 2Ed. It is also 
assumed that an atom is displaced if it receives energy >Ed, but not if the 
received energy is <Ed~ With these assumptions, at the nth stage of the 
collision process, N = 2n atoms will have been displaced. The initial 
energy available will then have been distributed so that each of the N 
atoms has, on average, energy = E/N = E/2n. No further displacements will 
occur when this value falls below 2Ed ( for energy >Ed but <2Ed, the 
displacing atom will replace the displaced atom). Collisions stop when: 
so that 
Ec/N < 2Ed 
N = Ec/2Ed 
2. 1 ~ 3a 
2.1.3b 
Using equation 2.1.3b for the cases under consideration in this 
study (Si, SiC, Co), the following results are obtained: 
Material 
Si 
SiC 
Co 
Ed (eV) N for >14kV nitrogen 
-15 
-450 
-70 
-100 
-25 
-300 
A value of fd for WC is not available, but in view of the strength of the 
bonding, it is probably close to that for SiC. 
It can therefore be seen that ions of even moderate energies 
displace very large numbers of atoms. Also, for 40kV nitrogen atoms, nearly 
2/3 of the · .incident ion energy is lost as heat by electronic transfer 
above Ee. For this reason, ion flux rates were kept low enough to ensure 
that temperature rises sufficient to allow damage self-annealing did not 
occur ( see 4. 1). 
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2.1.4 Ion and Damage Ranges in Solids 
While the processes described in the preceding sections are of 
interest in considering the origins of the characteristics of implanted 
surfaces (see 2.2), the most important parameter of an implanted layer for 
many purposes is the depth distribution of the implanted ions. There are 
several methods of determining the mean ion range and the magnitude and 
form of the scatter of the distribution, which range from the purely 
theoretical approach of Lind hard, Scharff and Schi!i:Stt (LSS) ( 1963), to 
purely experimental methods, eg. secondary ion mass spectroscopy (SIMS). 
Intermediate, computer modelling, approaches have also been used. All these 
approaches are reviewed briefly below. 
i) L.S.S. Theory 
Results from the LSS analysis are widely used to estimate ion 
concentration profiles. The theory derives functions for the inelastic and 
the elastic scattering energy loss rates by using a Thomas-Fermi 
interaction potential (a non-analytic function with a good fit to real 
potentials), and then uses numerical integration to obtain the ion ranges. 
The results are given in terms of dimensionless parameters for energy (e) 
* and distance Cr) which have been interpreted by various authors into more 
usable graphs and tables of ion range for various ion/substrate/energy 
combinations [ eg ; Channing and Turnbull ( 1968), ( 1969)]. The LSS method 
gives directly only the total ion range (R). However, the parameter most 
often required is the projected ion range (RP) and the scatter in this 
( see fi g. 2.1.4.1 ). Consideration of the basic mechanisms of the stopping 
processes shows that all the scatter in RP occurs in the elastic 
scattering regime. Thus light ions would be . expected to show relatively 
little scatter compared to heavier ions, as Ec is proportional to the ion's 
mass. Because of the randomness of the elastic collisions, the 
* e = E1a0M2!z1z2e2 (M 1+M6) r = RN4~a 2M1M2/(M 1+M 2 )2 where N=the atomic density of the solid, 
a0 :the Bohr radius and R=the Rydberg constant. 
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ca n form a concentration peak at a considerable depth within the crystal. 
distribution of ions around the mean range is usually assumed to be 
Gaussian, and experimental results ( see below) show a good fit to this. The 
parameter of interest is therefore L:i,RP' the standard deviation of the 
distribution. The LSS theory is able to predict values of L:i,RP. Also the 
ratio Rp:R can be calculated; it is found to vary from -1 for very 1 ight 
ions (mostly inelastic stopping) to -1+M2/M 1 for very heavy ions (mostly 
elastic stopping). 
The LSS approach takes no account of channelling, etc. If a 
single-crystal substrate is at or near the right orientation, this can 
substantially affect the range characteristics ( see 2.1.2). Fi g. 2.1.4.2 
shows the effect of channelling on an ion profile; a long tail of poorly 
channelled ions lies beneath the Gaussian profile, with a final peak where 
the well channelled ions come to rest. 
ii) Computing Methods 
Computer modelling techniques of various types have been employed. 
That of (eg.) Johnson and Gibbins [Carter and Grant (1976) p58] is to use 
the basic LSS equations to evaluate numerically the projected ion range 
and scatter for various ion/target/energy combinations. Fig. 2.1.4.3 shows 
an example of such results for boron-implanted silicon; similar results 
would be expected for nitrogen implantation. 
Another approach is that of the 'Monte Carlo' type of method, in 
which the 'flights' of a large number of individual ions are followed 
through a computer model of the substrate structure. The method involves a 
great deal of computer time, but has revealed much about the effects of 
varying the modelling parameters implicit in the analytical methods. This 
type of method was also the first to 'disc·over' channelling (see 2.1.2) 
[Robinson and Oen (1963)] , and has been used to study the shapes of 
individual collision cascades [eg . Beeler (1964)] 
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The distribution of displacement, etc. damage with depth can be · 
predicted from a knowledge of the characteristics of the collision cascade 
(see 2.1.3). Such damage will be generated from when an ion's energy falls 
below Ec• until the ion comes to rest. Generally, the heavier the implanted 
ion, the closer to the surface the damage profile will lie compared to the 
ion profile, as: 
a) Ec is higher, and so dispiacement events will occur over a larger 
part of the track; 
b) A heavy ion will suffer less deflection in its elastic collisions. 
These effects are shown in fig. 2. 1.4~4. For the cases of nitrogen and boron 
implanted into the materials used in this study, the displacement damage 
profile would be expected to follow closely the depth profile of the 
implanted ions. 
ii) Experimental Techniques 
Measurement techniques for determining ion profiles fall into three 
broad categories: 
a) Surface analysis/stripping; 
b) Depth analysis by backscattering/nuclear reactions; 
c) Cross-section TEM. 
a) Stripping Techniques 
These are reviewed by Carter and Grant (1976) (p61). The method is 
basically to remove a known amount of surface material and then to measure 
the amount of implanted material either remaining in the substrate or in 
the material removed. Common techniques of surface stripping include 
vibratory polishing and controlled oxidatiqn followed by dissolution of 
the oxide. Detection of the implanted material is often performed by 
implanting a radio-isotope, or an isotope that is easily detected by eg. 
neutron activation. A variant of this technique is that employed by 
Masters et al. (1970), in which the ion-damaged regions were decorated with 
copper, followed by a series of stripping/neutron activation analyses to 
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determine the damage profile. Another variant of the stripping technique 
is secondary ion mass spectrometry (SIMS) (for a general review see eg. 
Zinner (1980)). This technique is quite difficult to calibrate for depth; 
in fact ion-implanted samples have been used as calibration samples for 
SIMS apparatus [Wilson (1980)]. Profiles have also been produced by an 
SEM/sectioning technique [Bach and Muhle (1976)]. 
b) Depth Analysis Techniques 
These techniques, unlike those above, give direct depth information, 
generally by examination of the energy losses of 
radiation/particles. Common techniques are Rutherford 
spectroscopy (RBS) and nuclear reaction analysis (see 4.2). 
the returning 
backscattering 
RBS has been developed as a sensitive technique in various ways; a 
review is given by Carter and Grant (1976) (p82). The technique involves 
the evaluation of the spectrum of ions elastically backscattered from the 
substrate/implanted ion combination; typically, MeV He+ions are used. 
Depth information is dependent on a knowledge of the rate of energy . loss 
of the analysing ions by inelastic processes~ Different implanted species 
can be detected in the same sample, as the energy lost in the elastic 
collision depends on the mass of the target atom (see 2.1.1). Also, by 
making use of the channelling effect ( see 2.1.2), ions directed down 
channels can be used to detect the position of atoms in interstitial 
sites. In this way, much information can be obtained about the early 
(pre-amorphisation) stages of implantation [eg. Eskildsen (1982) and other 
papers from this conference]. 
The nuclear reaction technique is similar in principle to RBS, 
except that the detected particle is one emmitted by the implanted atom 
itself, from a nuclear reaction ind uced by i r radiation by eg . deuterons . 
Details of the technique as used for analysis of specimens produced in 
this study ar e given in section 4.2. 
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c) TEM Techniques 
Both plan-view and cross-sectioned specimens of implanted surfaces 
have been examined in this study; the specimen preparation techniques are 
described in section 4.6. These techniques have also been extensively used 
by workers in the field of annealing of implantation damage ( see 2.2.1), 
especially using electron and laser beams; a large body of literature 
exists [eg. Cullis et al. (1978), (1980)]. 
All the above techniques confirm the damage and defect profiles 
computed by various methods to a good degree of accuracy. 
2.2 Characteristics of the Implanted Layer 
The composition and microstructure of the implanted surface vary 
throughout its depth. However, for the purposes of interpreting the 
results presented in chapter 5, it is convenient to treat the layer as a 
simple entity having properties different from those of the bulk material. 
In any case, the methods used ( see chapter 4), apart from the TEM 
techniques, are insufficiently sensitive to detect any variation in 
properties with depth in the implanted layer. The main ways in which the 
layer differs from the bulk are: 
i) The accumulation of displacement damage often causes the implanted 
layer to be non-crystalline at high doses. 
ii) The high concentration of implanted 'foreign' atoms often causes 
the layer to be in a chemically metastable state. 
iii) The volume changes associated with (i) and the extra material 
introduced by implantation produce a stressed surface layer. 
iv) At high doses, the effects of sputtering (material ejection from 
the surface) may be significant. 
These characteristics are discussed in sections 2.2. 1 to 2.2.4. 
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2.2.1 Amorphisation of Surfaces by Ion Implantation 
Ion implantation, particularly into non-metals at low homologous 
temperatures, is well known to produce amorphous near-surface layers. The 
materials most investigated from this point of view have been silicon , 
germanium and other semiconductor device substrates, since it is of great 
importance for sucessful device fabrication that the doped surface be 
damage-free. Most papers in this field are concerned with the removal of 
the amorphous and damaged layers by various annealing treatments, rather 
than with the mechanisms by which the layers arise (see below). 
The most obvious effect of amorphisation on the surface layers of 
eg. silicon is the colouration of the surface. This has been reported by 
Beanland and Chivers (1978) and Seidel et al. (1976). These colours have 
been attributed to optical interference effects between the amorphous 
layer, the crystalline substrate and (at low doses) a thin surface 
crystalline layer. Beanland and Chivers describe how the colour produced 
depends not only on the ion species, energy and dose, but also on the 
thermal history of the specimen during implantation. Sadana et al. (1980) 
investigated the structure of variously coloured regions using 
cross-sectional TEM, and confirmed the differently layered structures in 
the differently coloured regions, though the layering they observed 
differed from that predicted by Beanland and Chivers. Colours were 
normally observed on the silicon and silicon carbide specimens implanted 
in this study. However, no consistent colour/dose correlation was found 
from batch to batch of implanted specimens. This is probably due to the 
variation of process variables in the 'Pimento' implanter ( see 4. 1. 1). 
The transition between the crystalline and the amorphous states in 
silicon has been studied as a function o( dose, energy and implanted 
species by a number of authors [eg. Dennis and Hale (1976)]. The study by 
Nelson and Mazey (1967), on the influence of channelling on dose for 
amorphisation, showed that it is energy loss by displacement, rather than 
through inelastic processes, which is responsible for the 
crystalline-to-amorphous transition. Suggested mechanisms for the 
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transition fall into two main groups: 
a) Small amorphous regions associated with individual displacement 
cascades accumulate until they finally overlap. This model was used in the 
theoretical study of Moorehead and Crowder (1970) in which amorphisation 
doses at room temperature were successfully predicted. A modification of 
this approach, taking account of the depth variation of damage, was used by 
Christel et al. (1981), who estimated that for silicon, low temperature 
light ion implantation would produce an amorphous layer after 
displacement of -10% of the parent atoms. 
b) Point defects gradually accumulate throughout the implanted region 
until their density is so great that the structure collapses into an 
amorphous state. 
Webb and Carter ( 1979) concluded that results from the study of 
variations in disorder, as detected by RBS, with dose, energy, etc. are 
unable to distinguish between the models and their various refinements. 
Microscopical studies of the accumulation of damage have been performed by 
Mazey et al. (1968), who found discrete zones of amorphous material in 
neon-implanted silicon. Studies based on RBS, electron spin resonance 
(ESR), etc. by Muller and Kalbitzer (1980) conclude that such amorphous 
regions are only formed by the interaction of light ions with regions with 
a high density of point defects, while for heavy ions (~100 Daltons) no 
such 'pre-damage' is required. In the review by Carter and Grant ( 1976) 
(chap. 6), this transition between two types of mechanism, accumulation of 
fine scale damage for light ions, and production of discrete amorphous 
regions for heavy ions, is also suggested. Direct microscopical evidence 
for these different mechanisms is sparse. 
The structure of the self-implantation-induced amorphous layer (at 
doses of 1014-10 15ions cm-2 ) has been compared with that of evaporated 
amorphous material for germanium by Zellama et al. (1978). Their annealing 
studies indicated that the two structures were identlcal. The introduction 
of 'foreign' atoms at high doses, as in this study, may modify this 
situation, however. 
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The study by Dennis and Hale (1976) finds amorphisation doses for 
silicon of the order of 1014-10 15ions cm-2, depending on ion mass and 
energy. For 40kV nitrogen (N+), the dose for amorphisation was found to be 
3x1o14ions cm-2. The general magnitude of this dose is confirmed by the 
channelling results in sectlon 5.2.6. Studies of implantation 
amorphisation dose for SiC are rather limited, but that of Makarov et al. 
(1979) showed that implantation of SiC with 45kV N+ to a dose of 
8x1015ions cm-2 produces an amorphous layer, and the study of Marsh (1974) 
showed an amorphous layer after 9x1014N+cm-2 at 35kV. TEM results in 
section 5. 1.7 and 5.2.7 show that all the Si samples prepared for this study 
had amorphous surface layers; though implantation produced fine 
microcrystalline surfaces in SiC and WC (see 5.1.7 and 5.3.5). However, the 
study by McHargue and Williams ( 1982) showed that an amorphous surface 
layer was produced by the implantation of SiC with chromium to a dose of 
2.6x10 17 ions cm-2 at 200kV. 
i) Annealing of Damage in Semiconductors 
The history of ion implantation as a device-producing route is 
reviewed by Dearnaley et aL ( 1973 ); they note that the first mention of 
this possible application was made by Shockley in 1954, and that interest 
grew throughout the 1960 1s. All early workers appreciated the adverse 
effects that the radiation damage had on the electrical properties of the 
implantation-doped layer. These deleterious electrical effects are due to: 
a) The reduction of the number of dopant atoms on electrically active 
substitutional sites; 
b) The introduction of 'deep levels' into the band gap, which trap 
current carriers; 
c) The scattering of current carriers by defects. 
The annealing treatment required depends on ~hether or not the surface has 
been made amorphous. An amorphous layer is best recrystallised by 
epitaxial regrowth on the bulk material, and this requires rather higher 
temperatures than those for the annealing of damaged but crystalline 
surfaces [Dearnaley et al. (1973) p490]. 
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It is, however, difficult to remove all the damage by thermal 
annealing, even if fairly high temperatures are used (?800°c, in silicon); 
the channelling/TEM studies of Davidson and Booker (1970) revealed large 
numbers of dislocation loops and other defects even after such high 
temperature annealing. At higher temperatures, significant loss of the 
dopant by diffusion can occur, both into the bulk and from the surface. 
Thermal treatments have been used, in combination with eg. RBS or 
electrical techniques for the measurement of disorder, to study the 
annealing characteristics of the implanted layer, and so to estimate the 
types, quantities and mobilities of the defects present [Carter and Grant 
( 1976) p173 ], [Tokuyama et al. ( 1978) J. Some investigations of the thermal 
annealing of damage in SiC have been carried out [Marsh and Dunlap 
(1970)], [Marsh (1974)], [Campbell et al. (1974)]. It was found that 
temperatures in the range 1100-1500°c were required to produce working 
devices from implanted SiC, as opposed to temperatures of ?1800°c, and very 
long times, to produce similar devices by diffusion techniques. 
More recently, because of the various problems associated with 
thermal annealing, rapid annealing techniques have been investigated. 
These include electron beam and laser light annealing; a very large number 
of papers have been produced on these subjects. Unlike the thermal 
techniques, which use (radiation-enhanced) diffusion to anneal out the 
implantation disorder, the new techniques actually melt the surface 
[Cullis, Webber and Chew (1980)]. The melting occurs for so short a time 
that little dopant escapes during the (epitaxial) regrowth of the surface. 
Laser energies used for silicon are typically in the range 0.5-1 Jcm- 2, 
using nanosecond pulse lengths. Such annealing treatments were tried on 
the silicon implanted for this study ( see 5.2.5), but for these heavily 
implanted samples, it was found that the annealing treatment stripped off 
the surface. The laser beam technique has been used with SiC [Makarov et 
al. (1979)] with pulse energies of the order of 2-10 Jcm-2; high defect 
densities remained at all but the highest energies. 
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It is, however, difficult to remove all the damage by thermal 
annealing, even if fairly high temperatures are used (J800°c, in silicon); 
the channelling/TEM studies of Davidson and Booker (1970) revealed large 
numbers of dislocation loops and other defects even after such high 
temperature annealing. At higher temperatures, significant loss of the 
dopant by diffusion can occur, both into the bulk and from the surface. 
Thermal treatments have been used, in combination with eg. RBS or 
electrical techniques for the measurement of disorder, to study the 
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(1976) p173], [Tokuyama et al. (1978)]~ Some investigations of the thermal 
annealing of damage in SiC have been carried out [Marsh and Dunlap 
(1970)], [Marsh (1974)], [Campbell et al. (1974)]. It was found that 
temperatures in the range 1100-1500°c were required to produce working 
devices from implanted Si C, as opposed to temperatures of J1800°c, and very 
long times, to produce similar devices by diffusion techniques. 
More recently, because of the various problems associated with 
thermal annealing, rapid annealing techniques have been investigated. 
These include electron beam and laser light annealing; a very large number 
of papers have been produced on these subjects. Unlike the thermal 
techniques, which use (radiation-enhanced) diffusion to anneal out the 
implantation disorder, the new techniques actually melt the surface 
[Cullis, Webber and Chew (1980)]. The melting occurs for so short a time 
that little dopant escapes during the (epitaxial) regrowth of the surface. 
Laser energies used for silicon are typically in the range 0.5-1 Jcm-2, 
using nanosecond pulse lengths. Such annealing treatments were tried on 
the silicon implanted for this study ( see 5.2.5), but for these heavily 
implanted samples, it was found that the annealing treatment stripped off 
the surface. The laser beam technique has been used with SiC [Makarov et 
al. (1979)] with pulse energies of the orde~ of 2-10 Jcm-2; high defect 
densities remained at all but the highest energies~ 
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ii) Amorphisation in Metals, etc. 
Very little has been published concerning implantation damage in 
non-semiconductor materials. Some work has been performed involving 
comparisons between quench-produced amorphous alloys and their 
implantation-produced equivalents, eg. Brimhall et al. ( 1979) and Rechtin 
et al. (1978). These studies found the the amorphous materials were very 
resistant to further damage by ion implantation. 
More general studies of implantBtion into metals have been 
performed by Ali et al. (1978) and Johnson et al. (1979); earlier work has 
been reviewed by Grant ( 1978). It was found that only certain metal/ion 
combinations give rise to an amorphous layer, typically those combinations 
that produce a final surface composition similar to that of the normal 
metal/metalloid type of quench-produced amorphous metal ( eg. B+ into 
iron). High ion fluences, typically -10 17 ions cm-2, are required to bring 
about the transitions, compared with the -1015 ions cm-2 required to 
amorphise eg. silicon. Ali et al. suggest that amorphisation is likely to 
occur if the implanted species has directional bonding and if the target 
material has a number of polymorphic forms. An interesting case is that 
reported by Follstaedt et al. (1980), where, in a study of Ti+ implanted 
iron, it was found that accidentally introduced carbon ( from vacuum 
contamination) was responsible for stabilising an amorphous phase. Bykov 
et al. ( 1975) found that implantation of nitrogen, helium or neon could 
induce phase changes in iron, molybdenum, nickel or titanium. They 
speculated that the ion-produced phases (ie. fcc,hcp in Fe and Mo, hep in 
Ni, fee in Ti) were stabilised by a high interstitial density. 
These - results are not unexpected, considering the difficulty of 
making metal-based amorphous materials, and reflect the differences in 
bond type between the covalent semiconducto~s and the less directionally 
bonded metals. One would expect that during implantation a process of 
continuing recrystallisation would occur in metals, and this has been 
observed by Johnson et al. (1979). 
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2.2.2 Chemical State of the Implanted Surface 
The chemical state of the implanted surface has two interesting 
aspects: 
i) The 
compounds; 
(meta)stability of the implantation-produced surface 
ii) Possible alterations in the chemical interaction of the implanted 
surface with the environment ( eg. production of corrosion-resistant 
surfaces)~ 
The former aspect is of interest for the insights it gives into the 
thermodynamics of non-equilibrium mixtures, and the latter from a more 
empirical , commercially- oriented viewpoint. The effects of implantation on 
corrosion resistance are detailed in section 2.3. 
Most of the research in the field of implantation-produced 
metastable surface alloys has concentrated on metal substrates. However, 
some interest has been shown in synthesising insulating subsurface layers 
of SiC and Si 3N4 in silicon by implantation and annealing treatments. 
Papers on this subject [Tsujide et al. (1980)]; [Edelman et al. (1976)], 
[Pavlov et al. (1976)], [Akimchenko et al. (1977)], indicate that very high 
doses (10 17-10 18ions cm-2 ) and high annealing temperatures (850-1200°C) 
are required to produce these compounds. Under these conditions, 
polycrystalline cubic SiC is formed, though Edelman et al. report that 
single crystal cubic SiC can be formed by implantation of carbon into hot 
(850°C) SiC. Nitrogen implantation tends to produce~ Si 3N4 at low doses; 
and a mixture of ~ and ~ forms at higher doses. Again, polycrystalline 
material is usually produced, though large crystals can be produced by 
suitable heat treatment [Pavlov et al. ( 1976) J. 
The formation of metastable alloys in , metals has been reviewed by 
Poate and Cullis (1980), Poate (1978) and (1979) , Myers (1978) and Wolf 
(1980). Poate and Cullis describe ion implantation as the terminal member 
of a series of increasingly violent mixing techniques, beginning with 
solidification from the melt and progressing via rapid quenching to ion 
implantation. Much of the work they describe involves analyses of RBS 
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spectra from several crystallographic directions in the same sample, so as !' 
to determine the lattice sites of implanted and other atoms. They give I 
examples of dilute solid solutions (eg; 0.02% Gd in Be) which cannot be 
produced by any technique other than ion implantation. The use of Ag/Cu 
alloys is also mentioned; here concentrated substitutional solid solutions 
can be obtained by implantation, which are stable up to -300°c (the Ag/Cu 
system normally ~xhibits very limited solid solubility). Non-crystalline 
mixtures of normally incompatible elements (eg. W/Cu, Ta/Cu) can also be 
produced, and can be stable up to moderately high temperatures (eg. 4oo0 c 
for Ta/Cu). 
The limits of solubility of implanted alloys have been investigated 
by Sood (1978), Sood and Dearnaley (1978) and Liau and Mayer (1978). Sood 
and Dearnaley consider the limits on solubility set by the 'Hume-Rothery' 
rules, and find that a modification of these fits the data for 
implantation-produced alloys quite well. The modified rule is that a 
metastable solid solution will be formed if the implanted species has 
both: 
i) Atomic radius within -15% to +40% of the host atom radius; 
ii) An electronegativity within ±0.7 of that of the host atoms. 
These empirical rules are intended to apply only to metals, and so no 
conclusions can be drawn about the chemical state of the surfaces 
implanted in this study. 
Liau and Mayer (1978) consider the limits set on compositions by the 
effects of sputtering ( see 2.2.4). They estimate that at a dose of 
1017ions cm-2, 50-500nm of parent material will be removed (the effect of 
sputtering on the composition of implanted REFEL surfaces is discussed in 
section 5.1.2.). They conclude that, for the limitation of sputtering, it is 
desirable to: 
i) Implant with light ions where possible; 
ii) Implant to low doses, by implanting ready-doped surfaces; 
iii) Recoil-implant where possible ( ie. bombard a surface coating of the 
desired dopant with inert ions). 
This last technique is also useful where an expensive dopant is required, 
since material loss in coating is normally much less than that in 
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producing an ion beam. However, very careful process control is required 
[eg. Padmanabhan and S0rensen (1982)]. 
Poate and Cullis (1980) point out the possiblities of using 
ion-implanted mixtures in the determination of phase diagrams, as the high 
defect density present speeds both nucleation and growth of any phases 
formed during post-implantation annealing. This aspect is reviewed by 
Myers (1978), who gives as an example the technologically important Cu/Be 
system; the use of ion implantation allows solid solubility data to be 
gathered at lower temperatures than would otherwise be possible. Myers 
also reviews the use of ion implantation in solute trapping studies (eg. 
Sb in Fe-Ti-C alloys), where use of RBS and TEM during annealing can show 
the progress of the trapping ( in this case of Sb by a Ti-rich alloy). 
The review by Wolf (1980) gives examples of the use of Mossbauer 
spectroscopy in the study of compound formation in implanted materials, 
particularly complex organo-metallic compounds. This technique has also 
been used by Longworth and Hartley (1978) in the investigation of 
nitrogen-implanted iron. It was found that various iron nitrides were 
formed. This conclusion is reinforced by the X~ray photoelectron studies 
of Singer and Murday (1980). The state of the nitrogen in iron and steels 
is important because of such materials' increased resistance to wear after 
nitrogen implantation (see 2.4~4). 
2.2.3 Stresses in the Implanted Layer 
Ion ii:nplantation to high doses has marked effects on the stress 
state of the surface. Both displacement damage ( see 2.1.1) and the large 
number of foreign atoms implanted tend to increase the volume of the 
material, producing a state of compressive plane stress. Several workers 
have measured the stresses in the implanted layer; two types of method 
have been used: 
i) those based on the bending of the specimen by the stresses; 
ii) those using X-ray techniques such as Lang topography; Pendellosung 
topography, examination of rocking curves etc. 
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i) Cantilever beam methods 
This type of technique was first used by EerNisse (1971a,b). A 
cantilever beam of silicon was implanted on one face, and the deflection 
at the free end as the implantation progressed was measured in situ by a 
capacitance method . This method measures an 'integrated stress'; ie. all the 
implantation-induced stresses are measured together as a single surface 
force. At low doses (10 11 -10 13He+cm-2 ) , a linear dependence of the 
compressive integrated stress on dose was found. At higher doses the 
stresses peaked and then levelled off. The dose at which the peak stress 
occurred varied with ion mass, being -10 13xe+cm-2, -10 15Ne+cm-2 and 
-10 16He+cm-2 . EerNisse considered the peaking of the stress to be due to 
yielding in the implanted layer. He estimated the peak stresses present to 
be of the order of 400-500MPa, less than the yield stress of normal 
silicon, but considered that the yield stress in implanted silicon might 
be less than the normal value (see 5.2.2). EerNisse also measured the 
stresses in implanted Si 3N4, Mo, Al2o3; and silica glass ( 1974) and 
(1977a), CVD Si 3N4 (1977b), and various other glasses and metals (1973) . 
For most materials , increasing and peaking compressive stresses in the 
surface plane were found. In a study on CVD Si 3N4 (1977b), a variety of 
ions were used ranging in mass from H+ to Ar+; the dose at which the peak 
stress occurred was found to be that at which a certain amount of energy 
had been lost by displacment processes (-1022keV cm-2 ) . This indicates 
that is the accumulation of displacement events, rather than the presence 
of the implanted ions, which is responsible for the observed stresses. This 
conclusion is reinforced by the results for copper and gold [EerNisse 
( 1973) ] , materials in which displacement damage anneals out at low 
temperatures; here the stresses produced were zero, for gold, and small, 
for copper. 
However, the results for fused silica· [EerNisse (1974), (1977a)J, 
showed a tensile stress, ie. compaction in the implanted layer . The ion 
doses extend only up to 1015ions cm-2, however, and the stresses produced 
by the implantation of the heavier ions (Ar+, Ne+) peaked at lower doses 
than this and then decreased rapidly. Results presented in section 5.4.4 
suggest that at higher doses , compressive stresses are produced. These 
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results are compatible with initial compaction by break-up and partial 
collapse of the open silica glass structure, followed by expansion as 
large numbers of foreign atoms accumulate. It is interesting that such 
compactions are not found to occur during the implantation of other 
open-structured solids such as silicon, diamond [Maby et al. ( 1981)] or the 
A cantilever beam technique was al so used by Hartley ( 1975a) to 
measure the stress build up in EN40B steel implanted with nitrogen and 
argon. Here compressive stresses were observed, peaking at -5x1017N2 cm-2 
(stress .:: 10GPa) and -1017Ar+ cm-2 (stress .:: 40GPa). These stresses are 
well above the normal yield stress of the steel (600MPa), perhaps 
indicating that some hardening has occurred in the implanted layer (see 
2.4.3). The technique was used in a modified form by Hoffman and Gaerttner 
(1980) for the implantation of chromium films with Ar+ and Xe+, during the 
evaporation of the films onto glass. The beam bending was measured by an 
interferometric method, and compressive stresses were observed. 
ii) X-ray methods 
These techniques have been applied to silicon and to magnetic bubble 
materials (garnets) by a variety of workers; in many cases the annealing 
of the stresses was also studied. X-ray methods (other than Pendellosung 
topography) measure the surface strain in crystalline material, rather 
than the integrated stress measured by the cantilever beam techniques. 
Methods used include: 
a) l.attice parameter measurement by 'rocking curves', eg. Lecrosn ier et 
al. (1977), Kyutt et al. (1980); 
b) Pendellosung topography, eg. Alstrup ( 1979 ); 
c) Lang topography, eg. Gerward (1978), Itoh et al. (1978) , 
Zielinska-Rohozinska and Gerward (1980); 
d) Interferometry, eg. Gerward ( 1978). 
Results varied greatly depending on the ion species used (especially with 
the ion's atomic volume with respect to the substrate), the implantation 
dose and the annealing temperature. Generally, however, compressive 
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stresses were found after implantation, with annealing tending to reduce 
the stresses. If an amorphous surface layer is produced, annealing can 
produce tensile stresses in the surface if the ion implanted is smaller 
than the host atoms ( eg. s+ in silicon [Larson and Bar host ( 1980) J), or 
compressive stresses if the implanted ion is larger than the host a t oms 
(eg . Sb+ in silicon [Itoh et al,. (1978)]). Gerward (1978) found that 
increasing the dose of Ar+ in silicon above that required for a saturation 
of stress brings about a rapid fall-off in the surface stress measured, 
with almost no stress at a dose of 1017ions cm-2. This result should be 
compared with those of EerNisse ( 1971 a,b), who found a stress plateau above 
a certain dose. The differences between these two results are probably 
because EerNisse's method measures the stress in the as-implanted 
material, whereas Gerward's method can only measure stress in crystalline 
material produced by post-implantation annealing. Models for the stress 
behaviour in annealed material such as that proposed by Alstrup (1979) 
involve slip at the boundary between amorphous and crystalline layers at 
high doses. Alstrup's method, Pendellosung topography, is an X-ray method 
of measuring the curvature of specimen surfaces, and so can evaluate 
stresses in amorphised material. 
Ion implantation into magnetic bubble device materials is used to 
introduce stress states which improve device performance [North et al. 
(1978)]. Accordingly, workers have measured the stresses produced by 
implantation , generally at low, non-amor phising doses up to 
-10 15ions cm-2• At higher doses, the amorphous or microcrystalline surface 
layer produced is magnetically inactive [Komenou et al. ( 1978) ]. In the low 
dose range, strain is found to be proportional to dose [MacNeal and 
Speriosu (1981)], [Strocka et al. (1980)], [deRoode and Smits (1981)] . In 
all cases, X-ray techniques were used; the strains measured were up to 1 %. 
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iii) Other Methods of Detecting Surface Stresses 
The expansion of diamond with B+ implantation has been investigated 
by Maby et al. (1981), who measured the step height between implanted and 
unimplanted regions using a Talysurf machine. Linear expansion with dose 
was found over the dose range 1015-1016 ions cm-2• The authors attributed 
the expansion to . a partial conversion to graphite, though no 
microstructural evidence was produced. Gerward ( 1978) reported similar 
step height measurements for implanted silicon. McHargue and Williams 
(1982) have reported volume increases in silicon carbide implanted with 
chromium ions, also using the method of measuring surface step heights . The 
volume increase was estimated to be -30% at a dose of -10 16 ions cm-2. 
Jensen et al. ( 1976) showed the existence of tensile surface 
stresses in proton-implanted silica glass, by a difference in the 
median/radial crack lengths as measured at the surface. An extension in 
crack length of 25% was observed at a dose of 1015H+cm-2 , the effect 
decreasing at higher doses. This result should be compared with those for 
the brittle solids investigated here, (see chapter 5); where no such 
changes in crack length were observed. 
2.2.4 Surface Sputtering 
Sputtering is the ejection of atoms from a solid by an ion beam. Use 
can be made of such processes, eg. in the production of thin foils for TEM 
from otherwise difficult materials, such as those which are chemically 
inert, are inhomogeneous in structure, etc. ( see 4~6). In the processes 
considered here, sputtering limits the extent to which a solid can be 
implanted as an equilibrium is reached between gain of dopant by 
implantation and its loss by doping (see 5·.1.2) [Carter et al. (1978)], 
[Liau and Mayer (1978)]. 
The sputtered atoms are those which gain enough of an incident ion's 
energy, either directly or indirectly, to reach the target's surface and 
escape from it. Energy can be tranferred by either thermal or elastic 
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mechanisms ( see 2.1.1 ). The sputtering yield, ie. the number of ejected 
atoms per incident ion, is a complicated function of ion energy, ion 
incident angle, and target crystallography and composition [Smith et al. 
(1981)], [Kang et al. (1979)]. The theory of sputtering is not very well 
advanced. 
For most materials, the sputtering yield is relatively insensitive 
to process variables, and generally lies between 1 and 10 [Liau and Mayer 
( 1978) ], being normally less than 5 for ions of keV energy [Carter and 
Grant (1976) p4]. Sputtered surfaces tend to be roughened, because of the 
variation in yield with angle and crystallography; in extreme cases, cones 
can develop on an originally flat surface [eg. Smith et al. (1981)]. 
2.3 Ion Implantation for Corrosion Protection, etc. 
This section and section 2.4 briefly review the recent 
'unconventional' applications found for ion-implanted materials, ie. 
applications outside the fields of semiconductor doping and radiation 
damage studies. 
During the last decade, interest has grown in studying the surface 
metallurgy of implanted materials. In particular, an increasing number of 
papers have been concerned with the corrosion and oxidation properties of 
implanted solids. Large and commercially advantageous changes in behaviour 
have been produced by applications of high ion doses (~10 16ions cm-2 ). 
Several reviews, often covering a wide range of engineering applications 
of implanted materials, have appeared, eg. Ashworth et al. (1976), Dearnaley 
and Hartley (1977), Hartley (1978), Dearnaley (1978a), Dearnaley (1978b), 
Hirvonen (1978), Dearnaley (1981a), Dearnaley ' (1981b), Dearnaley (1982). 
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2.3.1 Dry Oxidation 
This aspect of the effects of ion implantation on the surface 
chemical behaviour of solids has been recently reviewed by Dearnaley 
(1981b). The development of studies in this area is viewed as starting by 
trial-and-error methods, where ion/ substrate combinations were chosen 
almost randomly, and progressing to an approach based on a better, but 
still partial, understanding of the mechanisms involved. Such mechanisms 
include: 
i) Implanted elements helping to form a cohesive oxide film; 
ii) Blocking of easy diffusion paths ( eg. grain boundaries, 
dislocations); 
iii) Catalytic effects; 
iv) Alteration of oxide plasticity, so changing the likelihood of 
flaking; 
v) Modification of oxide conductivity. 
A large number of papers in this area have been given at the International 
Conferences on Ion Implantation (1970), (1971), 1972), (1974), (1976), and 
the conferences 'Applications of Ion Beams to Materials 1975' (1976) and 
'Ion Implantation into Metals' (1982)~ At the 3rd (1972) conference, 
Dearnaley et al. (p405) reported changes in the oxidation rates of 
stainless steel and chromium induced by implantation. Results were found 
to depend on the electronegativity of the ion species, the effects being 
in opposite directions in the two substrates (low electronegativity ions 
were found to inhibit the oxidation of Ti, and high electronegativity ions 
to increase it). In contrast, the results of Bentini et al. (1980) on the 
oxidation of implanted zinc indicated that the size of the implanted ion 
is the important factor (possibly by altering oxide plasticity) . Anttila 
et al. (3rd conf. (1972) p415) investigated the corrosion-rate improvement 
of stainless steel by yttrium implantation. The effects of implantation on 
the oxidation of copper have been investigated by Naquib et al . (1976) and 
Morris et al. ( 1978 ); improvements were noted for implantations of B+ and 
Ti+. At the 1975 conference, Muhle et al. (p147) and Goode (p154) reported 
changes in the oxidation rates of nickel and chromium, respectively, 
finding that ionic size and electronegativity were the f actors 
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controlling the direction and size of the changes. At the 1981 conference 
(published 1982), one session of ten paper s was devoted to the effects of 
i mplantation on the high temperature oxidation of iron, stainless steels 
and nickel and its alloys; significant improvements were claimed in all 
cases . 
All the above papers deal with the oxidation of metal substrates; 
however, the work of Ramin et al . (1980) indicates that Si 3N4 formed in Si 
by implantation (see 2.2.2) has better oxidation resistance than CVD Si 3N4. This is possibly because of the different stress states in these two 
different forms; CVD Si 3N4 is normally in a state of tension, whereas the 
implantation-produced material is compressed (see 2.2.3). 
2.3.2 Wet Corrosion 
The first significant study in this area was that of Ashworth et al. 
(3rd conf. (1972) p443). The effects of neutral (Ar+) and active (B+, Fe+; 
Mo+) ions on the wet corrosion of copper, aluminium and iron were 
investigated; significant changes in passivation behav iour were found for 
all ion/substrate combinations. It was suggested that these changes were 
due to displacement damage in the surface layer, rather than to any 
chemical effect of the implanted ions . This conclusion was reinforced by 
the work of Pankove et al. (1981 ) , who investigated; by Auger analysis, the 
oxide layers produced on implanted aluminium. They found no differences 
between the oxide lr.1yer s on implanted and unimplanted substrates; in 
particular , the possiblity of the changes being due to recoil-implanted 
carbon contaminants was eliminated . The polarisation char acte r istics of 
var ious implan t ed mater ials have been investigated by Wolf (1980) , For a 
given subst r ate, he found that t he identity of the ion chosen made no 
differ ence to the polarisation curve, though implanted materials behaved 
differ entl y to un i mpl anted mat er i al s . 
Mor e r ecent work has concentrated on implanti ng wi t h ion spec ies 
known to i mprove t he corrosion properties of metals when incorporated into 
bulk alloys , in particular er+ and Ni+ into iron and steels. Such 
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implantation treatments, not suprisingly, produce surfaces resistant to 
corrosion. Ashworth et al. (4th conf. ( 1974) p367) found that the corrosion 
performances of er+ implanted iron alloys were similar to those of such 
alloys conventionally produced. Improvements were also found to be 
produced by implantation of Ta+, where conventional methods cannot produce 
an equivalent alloy [Ashworth et al. (1977)]. Similar studies in the 
implantation of iron and steels for corrosion resistance include the use 
of: phosphorus [Clayton et al. (1980)], which can be deleterious to 
mechanical properties if used in bulk; lead [Ashworth et al. (1978)], 
impossible to alloy conventionally with iron; chromium and nickel 
[Sartwell (1978)]~ [Wang et al. (1979)]. The 1981 conference (published 
1982) included twelve papers on the influence of ion implantation on wet 
corrosion, varying from the surface production of conventional alloys (eg. 
er+ into iron) to alloys otherwise impossible to produce (eg . c1+ into 
aluminium and stainless steel). 
2.3.3 Other Non-mechanical Applications of Ion-implanted Alloys 
Some of these applications have been mentioned briefly in the 
appropriate part of section 2.2~ In many cases, only a little preliminary 
research has been published: 
i) Phase diagram determination ( see 2.2.2); annealing from the 
metastable implanted state can give otherwise unobtainable information 
about phase field boundaries [Myers (1978)], [Smugeresky and Myers 
( 1978) J. 
ii) Diffusion kinetics studies; the radiation damage introduced by ion 
implantation can enhance diffusion, and the diffusional kinetics of the 
substrate and impurity atoms can be studied under these conditions [Poate 
and Siedel, 3rd conf. (1973) p317], [Myers et al. 3rd conf. (1973) p455J. 
Most of such studies have been carried out on semiconductor materials. 
iii) Improvement of magnetic bubble device performance; the strain 
induced by implantation ( see 2.2.3) can favourably affect the 
directionality . of the magnetic field at the surface [Komenou et al. 
(1978)], [MacNeal and Speriosu (1981)] 
iv) Integrated optics; changes in atomic volume (see 2.2.3) can alter 
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the refractive index of the substrate or produce optically absorbing 
layers. These effects could have applications in the development of j' 
integrated optical devices [Townsend (1977)], [Bagley and Townsend, 2nd 
conf. (1971) p575]. 
v) Superconductivity research; raising of the critic al temperature 
for superconductivity by implantation has been found for aluminium [Meyer, 
4th conf. (1974) p309]. Large ions with a high electronegativity were found 
to be the most effective. Linker and Meyer (4th conf. (1974) p301) found 
that for vanadium, niobium and tantalum, the critical temperature was only 
decreased by implantation. 
vi) Crystallisation of glasses; glass ceramics can be produced on the 
surface of silica glass by implantation with Li+ions, and on lithia-silica 
glasses by neutral ion implantation [Arnold (1975)], [Arnold and Peercy 
( 1980)], [Arnold ( 1980)]. This could have beneficial effects on their 
surface mechanical properties. 
2.4 Mechanical Properties of Implanted Surfaces 
Work in this area began to be published in the early 1970 1s [ eg. 
Hartley et al. (1973)], slightly after interest in the chemical properties 
of implanted surfaces developed (see 2.3). Effects of implantation on most 
of the near- surface mechanical properties of materials have been examined 
to some extent, eg. 
i) Friction [Hartley et al. (1973)]; 
ii) Wear rates [Hartley (1975b)]; 
iii) Adhesion [Roy Chowdhury et al. (1980)]; 
iv) Low-cycle fatigue (LCF) [Sleeswyk et al. ( 1980) ]; 
v) High-cycle fatigue (HCF) [Hu, Clayton et al. ( 1980) ]; 
vi) Microhardness [Kant et al. (1979)]. 
However, the literature is sparse and consists, to a large extent, of 
preliminary results. Such results have been almost exclusively concerned 
with property changes in metals, especially steels, and so complement, 
rather than supplement, the results presented in chapter 5. Generally, 
authors have simply presented experimental results, and have not proposed 
other than tentative mechanisms for the implantation-induced property 
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changes they observe. 
Several general reviews of the use of implantation for the 
modification of surface mechanical properties have been published, notably 
by Dearnaley (1978a), (1978b), (1980b), Hartley (1979a) and Hirvonen 
(1978) . These reviews stressed the importance of industrial applications 
of implanted surfaces; some case studies have been presented by Dearnaley 
and Delves (1980), Delves (1982) and Hartley (1979b). The review here 
concentrates on specific quantitative results drawn from the above and 
similar reviews and from more specialised papers. 
2.4.1 Adhesion between Implanted Surfaces 
Roy Chowdhury et al. ( 1980) investigated the effects of nitrogen 
implantation on the adhesion energies of titanium surfaces. The apparatus 
used measured the force between a fine titanium probe (unimplanted) and a 
flat surface (implanted or unimplanted). For unimplanted surfaces, 
adhesion energies of -o.45 Jm-2 were found; after implantation of the flat 
surface to 2x10 17N2 cm-2 at 200kV, the adhesion energy decreased to 
-0.15 Jm-2. It was speculated that such adhesion energy reductions, if 
applicable to steels, etc., might help to account for the lower wear rates 
of such metals after implantation. 
2.4.2 Ul tra-microhardness Tests 
This type of test uses apparatus similar to that for the adhesion 
experiments described above, but uses loads high enough to cause plastic 
deformation of the surface. In the experiments performed by Pethica ( 1982) 
and Newey et al. ( 1982); specially-profiled , diamond indenters were used, 
loaded by a capacitative method. The penetration depth and the force 
applied were continously measured. Depth resolution of -2.5nm and load 
sensitivity of -10pN were claimed. At such low loads, microhardness varies 
strongly with depth ( see 3. t2), and so care must be taken that tests on 
different surfaces are comparable. In particular , the surface preparation 
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state is important. 
Newey et al. (1982) studied the effects of 300kV N2 implantation on 
electropolished iron, and found significant hardness increases. However, a 
dose of 10 17 ions cm-2 was found to have a large effect, and higher doses up 
to 6x10 17N2 cm-2 had progressively smaller effect on the hardness. 
Pin-on-disc wear tests were also performed, and a positive correlation was 
found between hardness and wear resistance. The implantation of titanium 
into steel was also found to produce a hardness increase at dose levels of 
-4x10 17N2 cm-2• 
Pethica (1982) tested a wide variety of materials (Cr, Au, W, WC-Co, 
steels), using nitrogen implantation. The results on some materials (Au, 
Cr, steels) were variable and depended strongly on the surface 
preparation. Pethica did, however, find that WC-Co was softened by 
N2 implantation to doses greater than -1011cm-2 (see 5.3). He was unable to 
distinguish between results from the two phases present, but as the 
composite was only 6% Co, it is clear that the carbide phase at least is 
softened by such implantation. 
2.4.3 Microhardness Tests 
Relatively few workers have reported results from microhardness 
tests on implanted surfaces. Early results have been summarised by 
Hirvonen (1978); the review also includes some 'scratch hardness' results. 
Hardening was found in iron, steel and beryllium substrates implanted with 
nitrogen or carbon, and attributed to carbide or nitride formation at high 
beam fluxes (and therefore temperatures) or to point-defect dislocation 
pinning at low temperatures. One often-quoted result is that of Kanaya et 
al. (1972), where an increase in hardness from 300 to 400 kgmm-2 was found 
at a dose of -10 17 nitrogen ions cm- 2~ No experimental details are given 
of the testing procedure, in particular the loads used in the 
microhardness tests; however the hardening effect appears to be strong and 
consistent with results reviewed by Hirvonen (1978) . 
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More recent implantation/microhardness tests on metals include 
those of Evdokimov and Fischer (1980), who used a recoil technique, with 
argon ions mixing a nickel coating into the surface of mild steel. They 
found a large increase in the microhardness ( at 5 and 1 Og) in the 
nickel-implanted region, where the nickel concentration was -1-10%, and 
only a small change in the microhardness in the region implanted with 
argon alone. It was estimated that the nickel was concentrated within 2nm 
of the surface, though any diffusion would increase the layer thickness; 
the indentations were several microns deep, so the hardness changes in the 
implanted layer must be very large to be detectable by this technique. 
Suri et al. (1979) have also studied microhardness changes in steels after 
implantation, in this case of nitrogen and boron at doses up to 10 17cm-2; 
using low loads ( 15g). The unimplanted steel had a (Knoop) hardness of 
-300 kgmm-2; implantation with boron and nitrogen increased the hardness 
to 410 and 630 kgmm-2 , respectively. 
Suri et al. (1979) also reported implantation-induced changes in the 
microhardness of aluminium and titanium. The hardness of both metals was 
slightly increased by implantation with nitrogen or boron. The effect of 
boron implantation on the microhardness of beryllium ( for gas bearing 
applications) has been investigated by Kant et al. ( 1979). At doses of 
1-2x1o17cm-2, large increases in low-load (5 and 10g) hardness were found, 
particularly after annealing. Backscattering analysis showed that 
beryllium boride particles were present. Copper was also reported to be 
hardened by boron implantation. 
In addition to these 'direct' microhardness tests, the surface 
hardness of metals has been quantitatively inferred from wear rate data by 
Singer and Bolster ( 1980), Singer et al. ( 1980) and Dubovitskaya et al. 
(1979). Implantation of steel with nitrogen or titanium to doses greater 
than -10 17cm-2 was found to increase the hardness (Singer and Bolster 
(1980)], as did implantation of chromium and iron with nitrogen. 
It can be seen from the above that the data on implantation-induced 
hardness changes in metals are sparse and have concentrated on a few 
ion/substrate combinations of immediate technological inter est. The 
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reported hardness increases, after implantation with both light and heavy 
ions, appear to result from the formation of dislocation-pinning 
precipitates. 
Very little data exist on the microhardness of implanted 
non-metallic materials. Hu and Schwenker (1978) found that implantation of 
silicon with boron, oxgen, arsenic or nitrogen up to doses of 
1016 cm-2 reduced dislocation motion, as revealed by an indentation 
etch-pitting technique. The authors considered this to be due to an 
increase in Peierls stress from implantation displacement damage and/or 
to the pinning of dislocations by clusters of implanted atoms. These 
results should be compared with those in section 5.2.2, where silicon was 
found to be softened by nitrogen implantation. However, Hu and Schwenker 
rn, c...u..-~n• performed their indentations at 6oo 0 c ( indentations in~ study were all 
made at room temp.), and the softening effect found in section 5.2.2 
occurred at doses greater than -4x10 17N2 cm-2. McHargue and Williams 
(1982) found that the Knoop microhardness of SiC was reduced by 20-40% 
after impl;tation with chromium in the dose range 1014_1016ions cm-2. They 
also measured the values of Krc by an indentation technique (not 
specified) and found slight increases c-10%) after implantation. 
Hauser et al. ( 1977) found that self-ion implantation in diamond 
produced a softer, electrically conducting, surface layer, probably due to 
surface graphitisation. 
2.4.4 Friction and Wear Tests on Implanted Materials 
Most mechanical property tests on implanted materials have been of 
this type, because of the technological importance of wear-resistant 
surfaces. Most studies have been fairly empirical, reporting behaviour 
changes only, though sometime.s qualitative mechanisms are tentatively 
suggested; this is not surprising in view of the complexity of friction 
and wear phenomena ( see 3.4). 
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Almost all results reported have been for implanted steels and 
cemented carbides. The results for the cemented carbides are reviewed in 
section 5.3.2. It is found that implantation to doses greater than 
-1017cm-2 produces greatly extended wear lifetimes (up to -5x normal) in 
both controlled laboratory tests and industrial components subjected to 
wear. The results for steels~ where reductions in both the wear rates and 
friction coefficients have been achieved by various implantation 
techniques, are reviewed here. Many results are based on in-service 
testing of components. For both types of material, it was found that 
implantation produced significant wear rate improvements only at low wear 
rates, and that implanted and unimplanted materials behaved identically in 
'accelerated wear' tests. This is not surprising, as mechanisms of rapid 
wear (see 3.4) would tend to act on thicknesses of material much greater 
than the implanted depth ( eg. 'ploughing' type abrasive wear), whereas mild 
wear mechanisms involve very near surface processes. 
The earliest report of the application of implantation in this field 
was by Hartley et al. (1973). Various ions were implanted into EN352 steel, 
and the friction coefficient measured by sliding a loaded WC-Co ball 
across the surface. Doses of 1016-10 17ions cm"""2 were used, and friction 
measured under both lubricated and unlubricated conditions. For all the 
ion species used (Kr ,Sn ,In,Ag,Pb,Mo,S,Mo+2S), changes in the unl ubricated 
coefficient of friction were found, with the greatest increase in friction 
(45%) for lead implantation, and the greatest decrease (350%) for tin. 
Results under lubricated conditions were more variable, and smaller 
changes in friction coefficient were found. (These results are in contrast 
to those of Suri et al. ( 1979) who found greater changes in friction 
coefficient .under lubricated conditions.) 
Later studies by the same group [Hartley (1975b)] extended the range 
of ions used in the low-speed friction tests 'and concluded, from the lack 
of effects from the implantation of iner t gas ions, that displacement 
damage alone had negligible effect on friction. The tests performed also 
included pin-on-disc tests and the implantation of light ions (eg. 
nitrogen and boron) . The light ions wer e found to be very effective i n 
reducing both friction and wear in a vari e ty of st eel s . Foll owi ng t hes e 
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results, and possibly also because of the comparative ease of implanting 
nitrogen, a good deal. of later work has concentrated on the effects of 
nitrogen implantation into steel (eg. Varjoranta et al. (1981), LoRusso et 
al. (1979), Singer et al. (1980), Hirvonen et al. (1979), 8irvonen et al. 
( 1980), Hale et al. ( 1982), Herman ( 1982) , Singer and Bolster ( 1980)) . It 
was also found that titanium implantation was effective in reducing wear 
in steels [Singer et al. (1980)L This was attributed to the presence of a 
fine TiC precipitate distribution, the carbon being either that already 
present in the steel, or recoil-implanted carbon contaminant. Similar 
effects were achieved by simultaneous implantation of Ti and C [Carossella 
et al. ( 1980) J. Wear rate reductions due to carbide formation were also 
found in cobalt-implanted steels, but not in chromium- or nickel-implanted 
steels [Hirvonen et al. (1979)]. 
The mechanisms by which implantation of the light ions boron, carbon 
and nitrogen might alter the wear rates of steels were less clear. It was 
found [Dearnaley and Hartley ( 1978) J that this type of treatment was 
effective in many types of steel, reducing wear rates by factors of up to 
200x, and that such treatments were effective even when depths much 
greater than the implanted layer thickness were worn away. It was proposed 
that this was due to the implanted ' interstitial' ions forming Cottrell 
atmospheres around dislocations, and thus both pinning the dislocations 
and following them into the substrate during the wearing process. 
Mossbauer studies [Longworth and Hartley (1978)] showed that the 
implanted nitrogen was only weakly bound to iron atoms, and mostly not in 
the form of precipitates, thus reinforcing this conclusion. These 
mechanisms have been reviewed by Hartley (1979a) and Dearnaley (1980b). 
Often reference is made to the operative wear mechanism being 
'adhesive' or 'abrasive' (see 3.4.2) (eg. Hartley (1978), (1979b), Singer et 
al. (1980), Singer and Bolster (1980)), but as all the proposed mechanisms 
for wear rate reduction depend on an implantation-induced surface 
hardening it is clear that truly abrasive ('brittle') .wear is not being 
considered and that in steels it is surface plastic flow that is the 
dominant deformation process during wear [ eg. Suri et al. ( 1979) J. 
Dearnaley (1982) suggests that in some cases a corr elation exists between 
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wear resistance and oxidation resistance, based on work involving the 
implantation of rare earth ions into iron alloys . This is possibly 
connected with the observation that 'mild wear' is controlled by oxide 
formation and removal ( see 3.4.2). The effects of nitrogen implantation 
into steel on its wear properties have made the process industriall y 
attractive and preliminary in-service tests are being performed (eg. 
Dearnaley (1978b), Hartley (1978), Dearnaley and Delves (1980) , and the 
reviews noted in the introduction to section 2. 4) . 
Investigations of the wear properties of implanted non-ferrous 
metals are scarce. However , results for the implantation of copper, 
aluminium and gold are reported by Hartley ( 1979a). Here, under abrasive 
conditions (pin-on-disc with grit in the lubricant) a wear rate 
improvement was reported for boron implantation into copper, correlating 
with a hardness increase. Dearnaley (1981d) has reported large reductions 
of the wear rate of chromium plating on steel by implantation with 
nitrogen to a dose of 4x10 17N2 cm-2, using pin-on-disc testing with silica 
suspended in the lubricant . Suri et al . (1979) have investigated the wear 
behaviour of boron and nitrogen implanted titanium and aluminium, under 
both adhesive · and abrasive wear conditions. Under adhesive wear 
conditions , only nitrogen-implanted aluminium showed any improvement over 
the unimplanted material, while under abrasive conditions, boron-implanted 
aluminium showed a slight reduction in wear rate , and boron-implanted 
titanium a 400% wear rate reduction . 
In summary, several workers have found changes in the friction and 
wear behaviour of steels and other metals after implantation. Whatever the 
wear conditions , it seems that any wear rate reduction (and perhaps 
friction reduction) is related to a surface hardening. This may be via 
either production of fine precipitates [ eg . , Singer et al. ( 1980)] or by 
solute pinning of dislocations [ eg . Dearnaley and Hartley ( 1978)]. The 
latter mechanism , especially with light implanted ions (eg . nitrogen, boron 
or carbon) , could account fo r the observations o f long · ter m improvement o f 
wear l ife [ eg . Dear naley ( 1978b) ] . Surface adhesion changes , as repo r ted in 
section 2.4.1, might also be signifi can t i n determin i ng the frictio n and 
wear properties of implanted surfac es, but no correlatory exper i ments in 
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this area have yet been per formed. 
Experiments on the friction and wear properties of implanted 
non-metals have mostly been confined to tests of the technologically 
important WC-Co cemented carbides, where nitrogen implantation has been 
found to produce significant improvements in wear lifetimes. These 
experiments are detailed in section 5.3.2. Hirvonen ( 1981) has reported 
results from diamond stylus wear tests on titanium-implanted silicon 
nitride very similar to those reported for nitrogen-implanted REFEL in 
section 5.1.5~ McHargue and Williams ( 1982 ) have reported similar results 
for silicon carbide implanted with chromium to a dose of -6x10 15ions cm-2. 
These changes, involving reduction in near-track chipping fracture, are 
possibly due to the surface stresses introduced by implantation, as 
discussed in section 5.1~8. Hartley ( 1982) has found that implantation of 
diamond styli with boron or nitrogen, though not with carbon, to doses of 
1015-10 16cm-2 ~ can improve wear life by up to 500%. Hartley speculated that 
these improvements, at least for the nitrogen implanted diamond, might be 
due to the simulation of nitrogen-containing type 1A natural diamond, 
which is known to have superior mechanical properties. 
2.4.5 Fatigue Behaviour of Implanted Surfaces 
As ion implantation had been shown to alter dislocation mobility 
near the surface ( surface hardness; see 2.4.2, 2.4.3) and to produce 
compressive stresses into the surface ( see 2~2.3), the possible 
applicability of implantation treatments to the fatigue properties of 
metals ( see 3.3) became apparent. The fatigue lifetime for high-cycle 
fatigue (HCF: stresses lower than the bulk yield stress) is dependent 
largely on the initiation of surface cracks by plastic processes. 
Preliminary results were reported in several review papers in 
1975-79 (eg. Hirvonen (1978), Dearnaley and Hartley (1978), Dearnaley 
(1978b) (steels) and Hirvonen et al. (1979) (titanium)). The materials 
were in all cases implanted with light interstitial ions , to doses greater 
than -1017 ions cm-2• In all cases, large extensions of the HCF lifetime 
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were found, up to 1 OOx in the case of the steels ( after ageing treatments); 
It was noted for the steel specimens that the implanted specimens became 
hot during testing [Dearnaley ( 1978b), Dearnaley and Hartley ( 1978) ], 
dissipo.ted r-a.1-~e- I-/,._.., st--o,e,C. indicative of the large amounts of energy being absorbed' i:r:i :r:ien @1.rnti@ 
processes in the crack initiation stage; Microscopical examination of the 
steels [Hirvonen (1978)] and the Ti alloys [Hirvonen et al. (1979)] showed 
fine (-10nm) precipitates to be present in the implanted layers, which 
probably act as dislocation pinning centres. 
Further investigations were carried out on steels by Hu, Herman et 
al. (1980), Hu, Clayton et al. (1980), LoRusso et al. (1980), White and 
Dearnaley (1980) and Bakru et al. (1981). It was found by Hu, Herman et al, 
Hu, Clayton et al. and LoRusso et al. that the greatest HCF lifetime 
extensions for nitrogen-implanted steels were obtained after ageing 
treatments, and it was suggested by White and Dearnal ey that ion beam 
heating could induce such ageing during the implantation process. 
Investigation of the dose dependence of the effect [LoRusso et al. (1980)] 
showed that at high doses (greater than 4x1o 17N2 cm-2 ) the treatment was 
ineffective, though no explanation was proposed. Microstructural studies 
and internal friction measurements on fatigue-life-enhanced steels [Hu, 
Clayton et al. (1980)] showed that although nitrides were formed, nitrogen 
also formed 'Cottrell atmospheres' around dislocations, and it was proposed 
that thls latter effect controlled the surface plasticity and hence the 
fatigue crack nucleation. This would also account for the effectiveness of 
ageing treatments, and correlates well with the proposed mechanisms for 
the wear resistance of nitrogen-implanted steels ( see 2.4.4). Study of 
implanted and fatigued surfaces [Bakru et al. ( 1981) J showed that 
persistant slip band formation was also strongly suppressed, which also 
fits in with this theory. 
White and Dearnaley ( 1980) extended the laboratory fatigue tests 
above to the industrially important case of r olling contact fatigue in 
ball bearings. Using a dose of 3x1017N2 cm-2, a moderate increase in 
fatigue life c-3x) was reported, even though the ball bearings were not 
implanted over the whole surface. 
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Recent work on the effects of implantation on the fatigue life of 
non-ferrous metals has concentrated on copper, eg. Kujore et al ; (1980), 
Chakrabortty, Spooner and Starke ( 1980), Chakrabortty, Kujore and Starke 
( 1980), Burr et al. ( 1980), Sleeswyk et al. ( 1980), Bakru et al. ( 1981) and 
Heydari et al. ( 1982). A correlation was found between the the extension or 
r eduction of fatigue life and the assumed compressive or tensile nature of 
the implantation-induced surface stresses [Chakrabortty, Kujore and 
Starke (1980)]~ [Bakru et al. (1981)]. In particular, aluminium 
implantation was found to be effective in increasing HCF lifetimes; 
surface slip was observed to be more homogeneous, retarding the formation 
of persistant slip bands. This was also found to improve the low-cycle 
fatigue life (where stresses are above the bulk yield stress) in copper; 
this result contrasts with those of Sleeswyk et al. (1980), who found that 
carbon implantation shortened the LCF life of copper and stainless steel. 
These authors proposed that surface stresses (assumed to be compressive) 
might aid surface rumpling and so reduce fatigue life. The actual effect 
of the surface stresses is therefore in some doubt, at least for low-cycle 
fatigue; however, these may not be the only effects of implantation 
operating. Evidence for any particular mechanism for fatigue life 
alteration in ion implanted copper is, so far, scarce. 
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CHAPTER 3 
REVIEW: SURFACE MECHANICAL PROPERTIES 
3.1 Surface and Indentation Plasticity 
3.1.1 Plastic Flow 
Permanent deformation of materials can be accomplished by a variety 
of mechanisms, depending principally on the material, temperature, strain 
rate and the magnitudes and geometry of the applied stresses. The major 
mechanisms for crystalline materials have been reviewed by Frost and Ashby 
(1982) and comprise: 
i) Dislocation glide controlled by structure resistance 
( Peierl s-Nabarro force); 
ii) Dislocation glide controlled by obstacles; 
iii) Power-law creep; 
iv) Diffusional flow; 
v) Dynamic recrystallisation. 
At the low temperatures of the tests used in this study only the first two 
mechanisms are relevant. Non-crystalline materials can deform by other 
mechanisms as yet incompletely understood (see 5.4), in which shear 
deformation is concentrated in highly localised and heavily strained 
' shear bands'. In hardness tests ( see 3.1.2), hydrostatic and shear stresses 
are transiently extremely high, and 'exotic' yield mechanisms can operate , 
particularly in materials of high yield stress. Such mechanisms include: 
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twinning, phase transitions ( see 5.1. 7), block shear and crowd ionic 
diffusion [Sargent (1979)], [Sawyer et al. (1980)]. 
The materials used in this study cover a very wide range of 
mechanical properties, from covalently bonded hard brittle ceramics (Si, 
SiC) to a tough, plastic metal (Co). Given the experimental conditions used 
in this study, the materials can be classified by which of the 
above-m~ntioned deformation mechanisms control their plastic behaviour. 
Such a classification then divides the experimental materials into four 
groups: 
i) Those where the Peierls-Nabarro force controls dislocation 
movement, eg. silicon and the silicon carbide materials [Davidge ( 1979) 
p65 ]. In such materials, dislocations move by the formation and 
propagation of kinks, generally requiring relatively high shear stresses 
at low (ie. room) temperatures [eg. Alexander and Haasen (1968)]. Unless 
crack nuclei are absent or of subcritical size (see 3.2), such materials 
tend to fracture before substantial bulk plastic flow occurs, except where 
large compressive hydrostatic pressures suppress such fracture - as in the 
quasistatic and moving single point contacts that are the basis of this 
study. The nucleation and motion of the kinks are controlled by the 
electronic band structure of the material [Alexander and Haasen (1968)], 
[Hirsch (1979),(1981)], [Westwood and MacMillan (1973)]. Ion implantation 
could therefore modify the flow behaviour of this type of material by 
modification of the band structure, either by doping effects, by 
structural changes ( amorphisation) or by altering the electrochemical 
potentials near the surface. Such mechanisms may act either to promote or 
restrict plastic flow. Flow in these materials may also be affected by the 
presence of phase or grain boundaries, as in REFEL, which can act as 
barriers to dislocation motion. It is possible that implantation could 
produce precipitate distributions (in these normally fairly homogeneous 
materials) that could restrict dislocation motion, but it appears from the 
results in section 5.1 and 5.2 that this is not the case here, at least for 
low-temperature implantations. In addition, displacement damage alone 
could inhibit dislocation motion. At low doses, displaced atoms would 
produce local strain centres that could pin dislocations . At high doses, 
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the amorphous or microcrystalline materials produced (see 2.2.1) would be 
unlikely to have the same flow properties as their crystalline 
counterparts. 
ii) Ionic materials, where flow is by dislocation motion, usually 
controlled by the density of localised charged defects ( eg. 'colour 
centres'). The Peierls-Nabarro force in these materials tends to be lower 
than in the covalent solids ( ( i) above), as the bonding is less 
directional. However, dislocation cores; particularly kink and jog sites, 
have associated electrical charges, and these can interact strongly with 
charged defects (vacancies, dissolved ions, or more complex entities) and 
become pinned [eg. Davidge (1979) p68]. Lithium fluoride (see 5.5) is 
typical of this type of material, and implantation might be expected to 
alter plastic flow behaviour by introduction of charged defects if the 
implanted species is of a different valency from the substrate atoms. For 
this to occur, the temperature must be high enough for diffusion (enhanced 
by displacement damage) to incorporate the implanted ions into the 
structure of the substrate. At lower temperatures, displacement damage 
disruption of the structure may interfere with dislocation motion, as 
above. Also, displacement damage, when combined with radiation damage that 
produces ionisation ( eg. X-irrad iation) could produce large numbers of 
charged colour centres ( see 5.5.3). 
iii) Metals, which have low Peierls-Nabarro stresses, because of 
the non-localised nature of their bonding and the lack of charge effects. 
Dislocation motion is limited by interactions with local stress fields and 
with phase or grain boundaries ( ie. 'obstacle controlled' in Frost and 
Ashby's classification). The various effects of implantation would be 
expected to introduce extra obstacles to dislocation motion, in the forms 
of dislocation loops, solute atoms, microtwins, precipitates, etc. ( in 
addition, as described in section 2.2.1, some implantations into metals may 
produce an amorphous surface layer) . Implantation would therefore be 
expected to inhibit dislocation motion, especially if the conditions are 
such as to produce a fine precipitate distribution (see 2. 4) . However , i f 
the substrate is already in a highly hardened state ( eg. iron-carbon 
martensi te), the displacement damage from the implan tation would be 
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expected to reduce the hardening. The metal tested in this study, cobalt, 
is exceptional in that it has a very low stacking fault energy, so that 
dislocations are highly dissociated ( see 5.3.6). Thus the metal 
work-hardens rapidly, as dislocations cannot cross-slip easily. 
Implantation-induced changes in the stacking fault energy may explain the 
observed post-implantation softening. Also, the metal can exist in two 
crystal forms (one metastable) at room temperature; and implantation may 
affect phase stabilities~ Phase transformation could be a yield mechanism 
during hardness indentation. 
iv) Amorphous solids; deformation processes in these materials 
are not well understood (see 5.4). At low temperatures, both metallic and 
inorganic glasses deform inhomogeneously in narrow, highly strained, shear 
bands. It is not clear how implantation might affect the flow processes in 
these shear bands though, as it is thought that local dilation occurs 
there, the compressive stress state associated with implantation may cause 
hardening. In these studies, no such effect was found (see 5.4). 
It can therefore be seen that, except where the Peierls-Nabarro 
stress is high and controls dislocation motion ( ie. in single- or 
large-crystal covalent solids), implantation would generally be expected 
to harden solids by introduction of obstacles to dislocation motion. This 
is particularly the case if charged defects can be produced in ionic 
solids, or fine precipitates in metals. In covalent solids, the influence 
of implantation on the band structure, via damage or doping, may alter the 
dislocation mobility, and might generally be expected to increase it 
[Hirsch (1981)]. 
Quantitative testing of the plastic properties of a thin 
near-surface layer is difficult. In this study, microhardness testing was 
used extensively. The following section reviews the technique. Details of 
the experimental and analytical procedures used in this study are 
described in section 4.4. 1. 
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3. 1.2 Microhardness Testing 
This section draws information mainly from 'The Science of Hardness 
Testing and its Research Applications' [Westbrook and Conrad (Eds.) 
( 1973) J and 'Factors affecting the Microhardness of Solids' [Sargent 
( 1 979) J. 
Hardness testing involves the making of a permanent, measurable 
indentation in a material's surface; the pressure required to do this is 
taken as a measure of the material's 'hardness'. The indenting tools 
commonly used have a wide variety of geometries, but the commonest are 
spherical (eg. 'Brinell' and 'Rockwell' hardness) or pyramidal (eg. 'Vickers' 
and 'Knoop' hardness). In some studies, conical indenters have been used 
[eg. Weiler (1973)], so that the influence of indenter shape on the result 
is minimised. Vickers profile indenters were used in all the tests in this 
study. Hardness values produced by differently shaped indenters are 
generally only roughly comparable; an analysis by Studman et al. (1977) 
gives a basis for correlation. Generally, use of loads greater than -1kg is 
referred to as macrohardness , or simply hardness, testing, and is common in 
industrial tests on metals. For work on brittle materials, lower loads must 
be used in order to avoid gross cracking, which would render the 
indentations unmeasureable. Low-load testing is also useful in a number of 
research applications ( see 'Science of Hardness Testing etc.'), such as 
tests on individual grains in metals, following hardness profiles induced 
by heat treatments, and the tests performed in this study. Tests using 
loads less than -1g are not possible without very specialised apparatus, 
eg. as used by Pethica and by Pollock ( see 2.4.2). Microhardness testing, 
using the load range -1--1 OOOg, can be routinely carried out using 
standard equipment. 
Models of the indentation process for non-strain-hardening solids 
fall into two categories [Sargent (1979)]: 
i) Surface-directed displacement models; 
ii) Radially-directed displacement models. 
The former type of model best describes the behaviour of relatively soft 
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materials, where the material displaced by the indenter forms a 'pile-up' 
around the indentation. The application of slip-line field analysis to 
this situation yields the result: 
H/Y = C 3. 1.2a 
[H=hardness, Y=yield stress, C=a constant::3 J 
For harder materials (eg. the ceramics used in this study) , the 
radially-directed displacement (RDD) model gives a better fit to 
experimental data. In this model, the material displaced from the 
indentation is absorbed as elastic strain in the bulk of the specimen, 
with a plastically deformed region close to and beneath the indentation 
preventing full strain relaxation. The geometry of such plastic zones has 
been investigated in SiC by Lankford and Davidson (1979), who found them 
to be approximately hemispherical, with radius ::5x that of the 
indentation. However, the model of Yoffe ( 1982) for indentation in hard 
materials suggests that the plastic zone might be no larger than the 
indenter in width, and fairly shallow in depth. The results from the 
cross-sectioned indentations in sections 5.1.4 and 5.2.3 conform to this 
suggestion. The RDD model has been analysed as being similar to that of a 
spherical cavity expanding into an elastic body (though Yoffe (1982) has 
pointed out several defects of this type of model). The results of two 
analyses, due to Studman et al. and Gerk both yield similar expressions 
[Sargent (1979)]: 
H/Y = f(E/Y,tan(~).~) 3. 1.2b 
[E=Young's modulus, ~=indenter 1 /2 angle, ~=Poisson's ratio] 
and the functions are shown graphically in fig. 3.1.2; 1. It can therefore be 
seen that the hardness number for a material is some small multiple c-1-3) 
of the yield stress. 
In both these models, the hardness is assumed to be constant for a 
given material, independent of testing time, load, etc. For all real 
materials, it is found that hardness varies with indentation size ( ie. 
applied load) [Sargent ( 1979) ], indenter orientation with respect to 
specimen crystallography [Brookes et al. (1971)], [Sawyer et al. (1980)], 
and testing time [Brookes et al. (1975)], [Fairbanks et al. (1982)]. The 
variation of hardness with orientation has been used to indentify the slip 
systems active during indentation [Sawyer et al. ( 1980)], and can be 
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allowed for in comparative tests on the same material ( as here), by 
keeping to a standard indenter orientation. The effect of loading time 
variation can also be eliminated by keeping to standard conditions (see 
4.4.1 ). The indentation size effect (ISE), a genuine variation in measured 
hardness with load, is less accountable and allowable for. There are four 
basic classes of reasons for this effect, and these have been modelled by 
Sargent (1979 ): 
i) The existence of surface layers, the mechanical properties of which 
differ from those of the bulk. Such 'layers' could arise from dislocation 
image forces at the surface, oxide films, surface charge effects, and, as 
here, ion implantation. 
ii) Microstructure scale effects. Here the grain size, precipitate 
spacing, etc. give a definite scale to the microstructure, and when the 
indentation deformation volume becomes smaller than this, the plastic 
behaviour may alter. 
iii) Deformation structure scale effects. As the deformation volume 
decreases, the average curvature of dislocation loops will tend to 
increase, and the spacing between slip planes will tend to decrease. Both 
these scale changes would be expected to result in an increased flow 
stress. 
iv) Work-hardening effects. As indentation size increases, increasing 
work hardening in the deformation volume would be expected to increase the 
flow stress. This effect would be strongest in pure annealed metals. 
The combination of these effects in a given material in a particular 
microstructural state give rise to a characteristic and well-defined 
variation in hardness with indentation size [Sargent (1979)]. The size and 
direction of such variations can be quantified by an ISE (Meyer) index, as 
decribed in section 4.4. L The Meyer index is useful for the comparison of 
different near-surface microstructural states of the same material, as in 
this study; if the Meyer index were not used in such comparisons, the 
normal variation of hardness with indentation size would partially 
obscure hardness variations due to the presence of an ion-implanted layer . 
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3.2 Indentation Fracture 
At low temperatures, most ceramics fail in service not by plastic 
flow but by fracture, whether in the bulk or by surface chipping. For such 
materials, quantification of fracture behaviour is important. The basic 
methods of so doing are reviewed below. 
3.2. 1 Fracture Mechanics 
The basic approach of fracture mechanics [ eg. Lawn and Wilshaw 
( 1975a) chap. 1 J is due to Griffith, who in 1920 established the importance 
of energy balance in crack propagation. A crack would only expand if by so 
doing it released enough stored elastfo energy to compensate for the 
surface energy increase of the lengthened crack, and any external work 
done. Depending on the loading geometry, this means that, given a set of 
stress conditions, there is a critical crack length (ccrit), below which a 
crack will not expand, and above which it will do .so. In plane stress: 
or= (2EY/irccrit)1/2 
[o=applied tensile stress, E=Young's modulus, Y=surface energy] 
This is more usually expressed as: 
K2 = GE 3. 2. 1 b 
where G::{2Y + any additional crack extension work)and K=o(irc) 112• 
The value of Kic• the critical K (stress intensity) value for crack 
extension in the 'mode I' geometry ( tensile forces normal to the crack 
plane), is then a measure of the ease of brittle fracture of a material, 
and is commonly known as the fracture toughness. For brittle materials ( eg. 
SiC, Si, Al2o3, etcJ, Kic .:: 0~5-5 MPam 112; for ductile metals ( eg~ mild 
steels) ~ Kic .:: 50-200 MPam 112 [Ashby and Jones, ( 1 980) p 127 t 
If it is assumed that for brittle materials, such as Si and SiC, 
G=2Y, ie. no plasticity occurs at the crack tip ( as Lawn et al. ( 1980) have 
shown for silicon), then Kic can be calculated from estimates of the 
surface energy, Y. However, surface energies of solids are difficult to 
calculate or determine directly, and so Kic is more usually determined 
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experimentally; for more ductile materials, where G > 2Y, this is the only 
possible approach. The surface energy and elastic moduli vary with 
direction with respect to the structure in crystalline materials, and so 
K10 will be to some extent direction dependent. This is apparent in the 
existence of preferred fracture planes, eg. (0001) in Si C. The fracture 
properties of each of the materials used in this study are detailed in the 
appropriate sections of chapter 5. 
Krc is a useful measure of fracture toughness; however, the 
assumption is made that cracks already exist in the solid or that 
nucleation of cracks is easy. In practice, for most real brittle sol ids, 
cracks or 'psuedo cracks' (eg. grain boundaries, pores, precipitates) are 
plentiful [ eg. Davidge ( 1979) p75 ]. Even for homogeneous single crystal 
material, surfaces normally have a high density of microcracks from 
handing damage, etc. Griffith performed experiments on flaw-free glass 
whiskers and showed that such samples only fractured at stresses so high 
that ccri t was of the order of the bond lengths, while introduction of any 
flaws caused whiskers to fail at much lower stresses [Lawn and Wilshaw 
(1975a) p12]. Surface flaws can therefore be seen to have great importance 
in determining the usuable strength of hard brittle materials. The size 
distribution of surface flaws can be deduced from certain types of 
indentation experiments, as can values of K1c; such techniques are 
described in section 3.2.2~ 
Even in the absence of pre-existing flaws, microcracks can be 
nucleated by plasticity mechanisms within a solid (though in hard solids , 
such mechanisms can only operate at very high shear stresses, notably 
beneath hardness indentations, and in abrasive wear contacts). Such 
mechanisms are discussed by, eg. Lawn and Wilshaw ( 1975a), chap. 2; all 
basically involve some obstacle to dislocation motion ( or shear band 
propagation), eg . grain boundaries, precipitates or other slip systems. 
These give rise to dislocation pile-up, where high stresss (and, in some 
models, the 'wedge' effect of piled-up edge dislocations) initiate 
fracture. An interesting variant on this is the mechanism observed by 
Hagan (1980), where cracks formed at the intersection of shear bands in 
indented silica glass . 
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Ion implantation could influence such mechanisms either by changing 
the plastic flow homogeneously ( eg. by Cottrell atmospheres around all 
dislocations) or by providing the barriers to flow which might nucleate 
cracks ( eg. by forming precipitates). At very high doses, the effects of 
sputtering might be expected to alter the surface flaw distibution. 
However, in the cases studied here, the main effects of implantation on 
fracture behaviour appear to be at the propagation, rather than the 
initiation; stage ( see chapter 5). 
3.2.2 Indentation Fracture Mechanics 
This area of study has recently expanded rapidly, and an extensive 
body of literature exists. The basic principles have been reviewed by 
Evans, Lawn, Wilshaw and others; eg. Lawn and Wilshaw ( 1975b), Lawn and 
Marshall (1979); Evans (1980). Indentations can be divided into two 
classes: blunt or 'Hertzian', where deformation is principally elastic, and 
sharp contacts, where plastic deformation occurs (combined with a 
surrounding elastic stress field - ie. the radial displacement model in 
3.1.2). The stress fields for the two cases are. rather different ( though 
they converge at large distances from the indentation), and give rise to 
different crack geometries; as described below. 
i) Blunt Contact 
The stress field for this type of contact, as first analysed by 
Hertz for a . spherical indenter, is illustrated in fig. 3.2.2.1. It can be 
seen that the maximum surface tensile stresses are on the indentation 
periphery. As the indentation progresses, this maximum stress 'samples' an 
increasing area, until a flaw of size greater ·than critic al is found; this 
then grows into a surface 'ring' crack. Further loading propagates the 
crack down into the solid, along the surface of maximum crack opening 
stress ( o-11 in fig. 3;2~2. 1), forming a 'cone' crack, as shown in fig . 3. 2.2. 2 
[Lawn and Wilshaw (1975b)]. Thus the Hertzian indentation test can be used 
to investigate a surface's flaw distribution, given a solution for the 
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(a) 
FIG. 3.2.2.1 Hertzian (blunt contact) 
stress field: (a) stress trajectories; 
(b) stress magnitudes, in units of the 
applied indentation pressure 
(compressive stresses negative), The 
contact area is shaded in Ca) . Note that 
~11 is a maximum on the surface at the 
contact area ·boundary. (From Lawn and 
Wilshaw (1975b)). 
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FIG. 3.2.2.2 Growth of 'cone crack' under 
Hertzian loading conditions, along lines 
of maximum 6'11 . ( from Lawn and Marshall ( 197 8 ) ) • . 
surface stresses (these can be modified from the ideal elastic values by 
frictional tractions between the indenter and the test surface); Blunt 
indentations were not used in this study; however~ indentations on silica 
glass produced cracks closely resembling cone cracks, even though a sharp 
Vickers profile indenter was used (see 5.4;3). 
ii) Sharp Contact 
The idealised stress field for this case (first analysed by 
Boussinesq) is shown in fig. 3;2.2.3. However, the situation for a real sharp 
indenter is complicated by the plastic flow that occurs in the 
near-indentation region (see 3.1.2l The modified stress fields have been 
assessed, by eg. Chiang et al. ( 1982) and Yaffe ( 1982), and lead to crack 
types rather different from those for blunt contacts [Lawn and Swain 
(1975)], [Lawn and Wilshaw (1975b)]. The cracks can be divided into two 
classes ( see fig. 3.2.2.4): 
a) Cracks normal to the surface. These are the 'median' cracks, which 
form below the surface on loading the indenter, and which may extend on 
unloading so as to break through to the surface, and the 'radial' cracks, 
which nucleate at the surface on both loading and unloading the indenter. 
b) Cracks approximately parallel to the surface, the 'lateral' cracks. 
These nucleate on unloading the indenter, at the boundary between the 
plastic zone and the surrounding material. The lateral cracks may either 
remain below the surface, or break out to from plate-like chips. 
The final extension of all crack types is determined by the residual 
stress field of the indentation. All types of crack degrade the mechanical 
properties of the material; median and radial cracks act as surface flaws, 
thus lowering fracture strength, and lateral cracks (especially when they 
intersect with median or radial cracks) can lead to material loss from the 
surface. , 
The analysis by Lawn and Marshall ( 1979) indica.tes that there is a 
critical indenter load, p*, below which median cracks will not form; 
associated with p* is a minimum viable crack size , c *. These parameters, 
together with Krc• give an indication of a material's resistance to 
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0"22 FIG. 3.2.2.3 Boussinesq (sharp contact) 
stress field: Ca) stress trajectories; (b) stress · magnitudes, in units of the 
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-0·002 negnti ve). Note that is tensile 
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FIG. 3.2.2.4 Cracks from sharp contacts. 
Median cracks (normal to the surface) 
form loading; lateral cracks F.-o,.,., on ~ 
unloading and propagate in the residual ( al (d) stress field. Shaded areas in (a) show 
i~ areas of high tensile stress, and those + in ( f) . the residu.:ll stresses around lateral cracks. Radial cracks can also ~· r form, at the surface, loading on or 
unloading. (From Lawn and Marshall (1978 ) ) . 
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fracture. Lawn and Marshall showed how study of the variation of 
* median/radial crack length with indenter load can be used to evaluate P, 
* c · , and Kic: 
Kic = Bo(E/H)mPc-3/2 
p* = "oKic(Kic/H)3 
c* = JJoCKic/H)2 
3.2.2a 
3.2.2b 
3.2.2c 
[H=hardness,P=indenter load,c=median crack length, m,~ 0,>-oand Po are 
constants , whose values were determined by best fit to data from a variety 
of materials.] 
Such methods have been used by Naylor (1982) to study the variation in 
fracture toughness of ceramics with temperature, etc. 
* The relationship between applied loads at point contacts (P) and P 
determine the cracking response of the surface. There are three regimes of 
behaviour: 
a) P < p* - macrocracks do not form and surface deformation is wholly 
plastic; 
b) * P > P - macrocracks form and surface deforms both plastically and 
by large-scale fracture; 
) - p* c P - -fracture and plastic flow are of roughly equal importance, 
and on roughly the same scale. 
Naylor (1982) calculates values of p* for SiC to be 1-50g, depending 
on micro structure, and for Si to be .:::1 g ( for Vickers indenters, at room 
temperature). In all the indentation tests performed in this study on 
these materials, fracture would therefore be expected, and was observed 
( see 5.1, 5.2). Only well-developed fracture was studied, in terms of the 
effects of . implantation on fracture paths. Any possible effects of 
implantation on * * P , c and Kic were not studied, as the fine-scale 
layering of the implanted surface invalidates the models used to evaluate 
these parameters from crack-length data. 
The effects of pre-existing surface stresses on fracture paths have 
been studied by, eg. Marshall and Lawn (1977), Lawn and Marshall (1977) 
(tempered glasses) and Jensen et al. (1976) (proton-irradiated glass). In 
the study by Jensen et al., the median/radial crack span was observed to be 
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greater in the irradiated material, and this was attributed to 
irradiation-induced surface tensile stresses. No such effects , in either 
direction, were observed in this study, but marked alterations in lateral 
crack paths were found to be produced by implantation ( see 5:L4, 5:2:3): 
The observations made in this study could only identify the surface stress 
states as in-plane compressive; other techniques ( see 2.2.3) would be 
needed to quantify the stresses. 
Such qualitative tests can also provide information on preferred 
crack paths in materials ( especially polycrystalline materials) [Sawyer 
(1979)], [Naylor (1982)], provided account is taken of the influence of 
indenter shape on crack directions: Simply observing the number of cracks 
of various types formed can also yield valuable qualitative information 
about the brittleness/toughness of a material. 
iii) Moving Indenters 
The crack patterns formed by single sharp points loaded and moving 
across the surface of a brittle material are closely related to those 
formed around a sharp indentation [Broese van Grenou et al. (1975)] , 
[Veldkamp et al. (1978)], [Sawyer (1979)]. Tracks made by moving blunt 
indenters can show partial cone cracks in the track base [Misra and Finnie 
(1979)]. Numerous examples of typical crack geometries from the motion of 
loaded diamond cones across SiC and Si surfaces are shown in sections 5.1.5 
and 5.2.4. The generally observed crack types are those shown in fig. 
3.2:2.5. The chipping fracture mode, ie. that related to lateral cracking, 
can be an important wear mechanism in ceramic materials (see 3.4). This 
type of fracture can be initiated at very low loads in sliding contacts 
(ie. p* for sliding fracture is lower than that for quasistatic 
indentations) [Swain (1978)]. 
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FIG. 3.2.2.5 Fracture types around the path of a moving sharp indenter. Chips may be formed by the breakout of lateral type cracks or by the interaction of cracks from several tracks. 
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3.3 Fatigue 
Fatigue is the slow growth of cracks in a material subjected to 
cyclic stresses [eg. Frost et al. (1974)]. Fatigue mechanisms may be 
classified into those of high-cycle fatigue (HCF: stresses lower than the 
bulk yield stress) and low-cycle fatigue (LCF: stresses higher than the 
bulk yield stress). In high-cycle fatigue, flow occurs near the surface in 
a few favourably-oriented grains; within these, the arrangement of 
dislocations becomes permanently changed in regions where their movement 
e is easiest (persistant slip bands). Ev"ntually such plastic flow in the 
surface leads to the nucleation of cracks, by the formation of intrusions 
and extrusions where the persistant slip bands meet the surface. These 
cracks then grow with continued cyclic stressing, by plastic processes at 
the crack tip, until the remaining material section is insufficient to 
support the loads on it. In HcF; the initial crack formation stage occupies 
the greater part of the fatigue life, and can be lengthened by surface 
polishing, surface hardening and avoidance of sharp changes in surface 
contours. In LCF, crack nucleation is easy, and the fatigue lifetime is 
determined by the crack growth rate. 
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3.4 Friction and Wear of Materials 
The body of literature on friction and wear is large, but for the 
most part consists of 'engineering' studies of specific wear/friction 
situations; general surveys are few. The material in this section is drawn 
mainly from the books of Bowden and Tabor (1974) and Rabinowicz (1965). As 
in the rest of this chapter, a brief summary only of the state of knowledge 
in the field is presented, with a few specific references to the materials 
and processes of specific relevance to this study. 
3.4. 1 Friction 
The historical growth of knowledge in this area has been surveyed by 
Bowden and Tabor ( 1974). The basic empirical 'laws' of friction for 
unlubricated sliding contact were first formulated by Amontons in 1699, 
these being: 
i) Frictional force is proportional to the normal load on the 
interface ( the constant of proportionality being known as the coefficient 
of friction, p); 
ii) Frictional force is independent of the apparent, macroscopic, area 
of contact; 
iii) Frictional force is independent of the relative velocties of the 
surfaces (this 'law' is less rigourously obeyed than the others, especially 
in that static friction is generally slightly greater than moving 
friction). 
The range of 1-1 for most materials in unlubricated contact lies 
between O. 1 and 1.5. The basis on which these laws are understood, 
especially the intuitively non-obvious (ii) : is that the real areas of 
contact between the two surfaces are isolated points where asperities 
meet. The real contact area ( A) can be estimated by assuming that the 
asperities (hardness H) deform until they support the applied load (P): 
A= P/H 3.4.1a 
If it is assumed that the frictional force is proportional to the true 
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contact area, the laws ( i) and ( ii) above follow. Further, if it is assumed 
that the frictional forces arise from the breaking of junctions formed in 
the above process, the force (F) is then equal to the tensile strength of 
the (weaker) contacting material C~ur): 
F = A 0ur 
= 
p 0ur 
-r 
so f-l = rrurlH 3.4.1b 
This relation then accounts for the small range of observed values ofµ, as 
the ratio of hardness to tensile strength varies very little from material 
to material (as hardness is closely related to yield stress (see 3. 1.2)); 
though the relations between hardness~ yield stress and tensile strength 
may be different at asperity contacts from those in the bulk [Gibbs (1982)]. This mechanism for friction is closely related to those proposed 
for 'plastic' wear ( see 3.4~2). In both the above mechanisms the energy lost 
to friction is absorbed in heating and work-hardening; temperature rises, 
particularly at asperities, may be quite high, but are very difficult to 
measure. 
In addition, frictional energy can be lost to ' ploughing', where hard 
asperities on one surface cut through material on the other. This is most 
likely to happen for mixed frictional couples (eg. steel on copper), and in 
fact such combinations generally have higher values of p than those for 
identical contacting surfaces. Energy can also be lost, and so friction 
arise, through other mechanisms; energy loss by elastic hysteresis can be 
important in such situations as rolling contact, and in brittle materials 
energy can he lost in fracture processes ( though normally a relatively 
small proportion). 
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3.4.2 Wear of Materials 
Wear mechanisms can de grouped into five major types: 
i) Adhesive wear; 
ii) Abrasive wear by ploughing, in ductile materials; 
iii) Abrasive wear by fracture, in brittle materials; 
iv) Delamination wear and fatigue wear; 
v) Erosion. 
Many of the above mechanisms can be influenced, and usually the wear 
accelerated, by the presence of a corrosive environment. In real wear 
situations; various combinations of these processes can occur at different 
stages of the wear life. The above categorisation of mechanisms is only a 
framework, within which each wear couple must be regarded as unique; 
extrapolation from one wear situation to another, even if apparently 
closely related; can lead to confusion. 
i) Adhesive wear 
This class of wear mechanisms is closely related to the 'normal' 
friction mechanism outlined in section 3.4.1. It is reviewed by Rabinowicz 
(1965) and Finkin (1979). The basic mechanism is that of adhesion at the 
asperity junctions, followed by breaking of the junctions along a plane 
different from that of the original interface, and subsequent loss of some 
of the transferred material. On this basis, Arc hard ( 1953) modelled the 
wear process, and arrived at the expression: 
V = k P 1 
3H 
3.4.2a 
[V=wear volume, P=applied pressure, l=sliding · distance, H=hardness of the 
softer material] 
The dimensionless constant k then represents the fraction of junctions 
that lead to a wear particle; the factor of 1 /3 arises from Archard's 
assumption that the particles would be hemispherical. This expression is 
usually followed by the wear of unlubricated metals , when values of k are 
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found to be -1 o-3_ 10-5. 
The semi-empirical Archard model does not explain how loose wear 
fragments can arise from the junctions; it might be supposed that the junctions must be as strong as the original material if they are to break 
on a plane other than that of the original interface. Rabinowicz (1965) 
proposed that the fragments are formed by the action of residual stresses, 
as the junction is formed uder a high compressive stress. When the junction is free again, strain incompatiblity at the interface may cause 
it to break and so form a wear particle. 
Adhesive wear of metals can be divided into 'mild' and 'severe' wear. 
In mild wear, the debris found is principally fine oxide particles. In 
severe wear, where wear rates are often thousands of times greater than in 
mild wear, large metallic particles are formed. Transition between the two 
types of behaviour occurs at a critical load. Bowden and Tabor ( 1967) 
consider that this is because at low loads the oxide film supports the 
load, whereas at higher loads the asperities can penetrate the oxide film. 
The difference in mild and severe wear rates thus reflects the different 
wear properties of metals and oxides. 
Adhesive wear occurs to some extent in all cases where moving 
surfaces are in contact, but can be almost eliminated by suitable 
lubrication. Lubrication is a complicated subject beyond the scope of this 
review; the books of Bowden and Tabor (1967), (1950) and Rabinowicz (1965) 
contain much information. 
ii) Plastic Abrasive Wear 
This type of wear occurs when a hard rough surface rubs against a 
softer one, for example in the polishing of a metal with SiC paper. It is 
reviewed by Rabinowicz (1965) and Moore (1978). A model by Moore (1978) 
gives the expression: 
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V = k' P 1 
H 
3.4.2b 
which is identical in form to the Ar chard equation for adhesive wear, 
3;4.2a. The constant k' depends on the abrasive particle shape, size and 
distribution. Moore also notes that, for a given substrate hardness and 
abrasive materi~l. metallic substrates wear much more rapidly than 
non-metallic ones, though no explanation was offered. Moore's model 
involves the formation of a groove in the soft surface, by plastic flow 
around the moving hard asperity, with a constant proportion of the groove 
material being lost from the system, though no mechanism for this was 
suggested; However, it was suggested that the material, particularly that 
piled up ahead of the asperity, was lost by fracture when it became 
strained to a certain critical level. 
Even brittle materials, such as silicon, can deform in this way, as 
observed by Stickler and Booker ( 1962) and as in section 5.2. 7. 
iii) Brittle Abrasive Wear 
Here the material loss mechanism is by fracture through material 
deformed elastically rather than plastically. The interaction of lateral 
and median crack types, analagous to those around hardness indentations 
( see 3.2.2) causes chips of material to be removed from the surface. This 
situation has been modelled by Evans (1979), who derived the expression: 
V = k" 1 p7/6 Krc-2 /3 H-112 3.4.2c 
This expression is different in form from those for adhesive wear and 
plastic abrasive wear (3.4.2a and 3.4.2b); in particular, the fracture 
toughness of the material, Krc• is now important. The constant k'' is 
material-independent. Evans (1979) also presehted experimental resuts for 
the wear of various ceramic materials which fitted equation 3.4.2c. A 
* threshold load, P is required for the initiation of fracture. 
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Very little work has been done on the wear rates of abraded brittle 
materials, Most workers, eg. Breese van Grenou et al. ( 1975), Adewoye and 
Page (1976), Veldkamp et al. (1978) and Page et al. (1978) have studied the 
types and sizes of cracks generated in a single point, single pass, wear 
test (as has been done in this study). Stickler and Booker (1962) studied 
the transition from plastic to .brittle abrasive wear with increasing 
abrading particle size in silicon. Gibbs ( 1982) investigated the wear 
rates of several ceramic materials abraded by variously sized diamond 
grits, and concluded that wear rates are strongly dependent on the number 
and type of interfaces ( eg. between grains and phases) in the surface. 
Increasing the number of interfaces (eg. by decreasing the grain size) was 
found to tend to increase wear rates. 
iv) Wear by Delamination and by Fatigue 
Both these mechanisms involve the generation of subsurface cracks 
by plastic processes near the surface [Jahanmir (1980)]. The two 
mechanisms are related to one another in roughly the same way as low- and 
high-cycle fatigue ( see 3. 3). In delamination · we.ar ( a mechanism first 
proposed by Suh (1973)) the active surface undergoes repeated plastic 
deformation, whereas in fatigue wear (such as occurs in repeated rolling 
contact) the surfaces are deformed for the most part elastically, with 
plastic flow occuring in 'favoured' regions, eg. at inclusions. In both 
cases, voids or cracks nucleate when sufficient plastic work has 
accumulated. These tend to form some distance below the surface, as the 
tractional stresses from the frictional interactions die away rapidly 
with increasing depth, but the high hydrostatic stresses associated with 
the interacting surfaces suppress void or crack nucleation at the surface 
itself. Inhomogeneities in the microstructure (eg. precipitates) can act 
as void/crack nucleation centres. The cracks grow with repeated 
deformation until a large plate is generated, which eventually breaks off 
from the surface. 
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v) Erosion 
Erosion is caused by the impact of rapidly moving solid or liquid bodies onto a surface. Material loss is by methods similar to those of 
abrasive wear ((ii) and (iii) above); However," the very high strain rates involved mean that there is very little correlation between material properties (eg. hardness, fracture toughness) measured under normal 
conditions and the erosion rates [Hutchings (1979)]. 
vi) Other Wear Mechanisms 
These include: 
a) Fretting; this type of wear results when two metallic surfaces are in oscillatory contact. Adhesive wear produces oxide debris, which are 
trapped in the wear couple and cause accelerated wear by abrasion or delamination. Corrosive environments have a strong effect on fretting 
wear. 
b) Effects of corrosive environments; the combination of the various 
wear mechanisms described above and chemically active environments can lead to greatly accelerated wear, particularly when oxide formation and 
removal is important in the wear process (ie. in adhesive wear). It is also 
well known that (slow) crack growth can be accelerated by the presence of 
corrosive agents, eg. in the case of fatigue. 
3.4.3 Wear Mechanisms and Ion Implantation 
From the preceding summary of wear mechanisms , it can be seen that ion implantation, which can alter the plastic flow properties of almost 
all classes of materials (see 3.1, 2.4), is likely to have effects on wear 
rates. The depth of the implantation treatment c-o.5um) is comparable with I 
" 
the asperity height that might be expected on ind.zstrial surfaces, and 
rather greater than the probable asperity height on a well polished 
surface. 
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For the adhesive wear mechanisms, a hardening of the surface would 
be expected t o reduce the wear rate and experimental results ( see 2: 4:2, 
2.4. 3) show that the hardness of certain metals (especially steels) can be 
increased by implantation. Another route by which implantation might 
affect adhesive wear is suggested by the results of Roy Chowdhury et al. 
(1980) (see 2:4.1), which showed .that nitrogen implantation reduced the 
adhesion between titanium surfaces. The probability of forming asperity 
junctions could thus be reduced; however, this type of mechanism might not 
apply to all metals, or in non-vacuum environments. In the important mild 
wear regime, where the mechanical properties of the oxide film control the 
wear rate, the chemical effects of implantation on oxide film growth might 
be important (see 2.3). Alternatively, implanted ions incorporated into the 
oxide film might change its mechanical properties; however, no work has 
been performed to investigate the deformation behaviour of such oxide 
films. Hartley ( 1975b) has suggested that, under lubricated conditions, 
implantation might lead to the production of a smooth surface either by 
increased plastic flow (heavy ion implantation) or by asperity fracture 
( light ions), and thus decrease the wear rate. This possible mechanism 
cannot apply to unlubricated conditions, where production of smooth 
surfaces would increase friction and wear. 
High surface temperatures can be produced by frictional energy loss, 
particularly at asperity tips. The mechanical properties of implanted 
surfaces (or even unimplanted surfaces) under the influence of such 
transient thermal effects are not well understood. It has been suggested 
by Dearnaley and Hartley (1978) that the steady state temperature rise, 
coupled with dislocation motion, might transport light implanted ions into 
the bulk of the material by 'Cottrell atmosphere drag'. This mechanism was 
proposed to account for the extended-lifetime wear reductions in WC-Co 
materials (see 2.4.4, 5.3.2). 
Surface hardening could also reduce wear rates where the 
controlling mechanism is that of plastic abrasive wear. It would be 
expected that in this case implantation treatment would be most effective 
when all deformation is near the surface, ie. when fine abrasives are used. 
If the wear is by very coarse 'ploughing' action; then it is unlikely that 
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implantation would have much effect. Most results reported for this type 
of wear have been for cemented carbide materials; wear of this complicated 
material is discussed below. The results of Singer et al. ( 1980) for steels 
worn with very fine abrasives c-5µm diamond) showed wear rate reductions 
after implantation, which were interpreted by the authors in terms of 
surface hardening. 
Implantation might be expected to affect wear by delamination and fatigue by changing the flow properties of the surface. Any surface hardening would be expected to reduce wear by these mechanisms, and has been found to reduce both high- and low-cycle fatigue in bulk metal 
specimens, as well as wear rates (see 2.4.5). However, if precipitates or 
other inhomogen ei tie s were produced by implantation, these might act as 
nuclei for the formation of subsurface cracks if flow occurred. Conversely, compressive stresses produced by implantation might be 
expected to inhibit void/crack production. 
Much of the work performed so far on the effects of implantation on the wear behaviour of materials has concentrated on metals, where the inhibition of plastic flow by implantation has led to significant improvements in wear (and fatigue) life (see 2.4). These results can be 
understood in terms of surface hardening, with perhaps some contribution from the implantation-induced stress state. 
Clarification of the effects of implantation on the abrasive wear of brittle materials was one of the principal objectives of this study; 
results are presented in chapter 5 and discussed in chapter 6. Implantation. can affect this mode of wear via the nucleation of cracks (particularly lateral cracks) or via their propagation . Changes in crack 
nucleation can be brought about by the effects of implantation on surface plasticity (see 5.1 .3, 5.2.2, where it was found that nitrogen inplantation 
reduced the surface hardness of SiC and Si). As p* depends on H-3 (3.2.2b), 
even a small r eduction in hardness could achieve a transition from brittle to plastic behaviour. The stress state induced by high dose implantation ( see 2.2.3) can influence the paths and extent of cracks formed, if the 1 * ( . oad exceeds P see 5.1.4), and possibly also influence the nucleation o f 
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cracks (see 5.1.4, 5.1.6, 5.2.3). Alterations in surface plasticity could be 
effective in long-term wear reduction, but stress-related effects are 
likely to be effective only initially, as: 
i) Friction-induced annealing could eliminate or reduce the stresses; 
ii) Intersection of subsurface cracks from many tracks will eventuall y 
produce debris ( in the cases wher.e crack nucleation is not altered by the 
stress state). 
Tungsten Carbide/Cobalt composite 
The response of this material to the pin-on-disc wear test and 
nitrogen implantation is discussed in sections 5.3.4, 5.3.5 and 5.3. 7; the 
results of industrial and laboratory tests by the Harwell group are 
summarised in section 5~3~2~ Wear rates were found to be markedly reduced 
after implantation, under both adhesive and abrasive wear conditions. 
Various mechanisms have been proposed. It appears from the long-term 
effectiveness of implantation that brittle behaviour alone does not 
account for wear, so that plastic deformation in the binder and/or the 
carbide phase is important. However, all results so far indicate that WC 
and ( pure) Co are softened by implantation ( see 5.3.3, 5.3.6 ); possible 
effects of implantation on the cobalt-rich binder phase in real materials 
are less clear ( though Mazey, quoted, by eg ~ Hartley ( 1979b), has observed a 
martensi tic transformation to be induced in this material by nitrogen 
implantation). It has been suggested that wear occurs by the the loss of 
whole we grains [Dearnaley and Hartley (1978)], but little evidence was 
found for this in this study. Experiments by Dearnaley and Hartley (1978) 
indicate th~t the effective nitrogen and carbon implantations do not 
change the oxidation behaviour of the material. Work by Greggi and 
Kossowsky (1981) indicates that adhesion at the WC-Co interfaces might be 
improved by implantation, though this would be expected to affect wear by 
whole-grain loss only. The route by which implantation alters wear rates 
in this material is therefore still unclear. 
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CHAPTER 4 
EXPERIMENTAL TECHNIQUES 
4.1 Implantation Techniques 
Three. types of machine were used to implant the specimens used in 
this study: the 'Pimento' prototype industrial implanter, the 
Cockcroft-Wal ton accelerator and the Harwell-Lintott isotope separator. 
All machines were at AERE Harwell. The majority of nitrogen implantations 
were performed using the 'Pimento' machine, the Cockcroft-Wal ton being used 
for some higher energy implantations and the Harwell-Lintott being used 
for boron implantation. The characteristics of each machine are described 
below. 
4.1.1 Pimento Implanter 
This .machine is shown in fig. 4.1.1.1. It consists of a large vacuum 
chamber, 0.5x0.5xO. 7m, with removable side panels for the attachment of 
special workpiece handling devices [ eg. Dearnaley and Goode ( 1980) J. At 
the top of the chamber is a beam scource of the twin anode type [Fitch et 
al. ( 1970) J which uses electrostatic fields to contain ions in 
long-lifetime paths prior to extraction [Mcilraith (1966)] . The source as 
fitted to the 'Pimento' can only be used for the production of ions from 
gaseous elements. The beam area at the specimen is roughly 15x8cm; however 
the ion flux is highly non-uniform within this area (see fig. 4.1.1.2). For 
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FIG. 4. 1.1 .1 The 'Pimento' implantation machine. 
FIG. 4.1. l .2 'Burn' formed by implanting plastic-coated card in the Pimento i mplanter . Note the non-uniformity of the beam. (4 8.0% f ull size] 
; 
some of the early implantations, the severity of the variation was not 
appreciated, and the specimens were simply placed in the beam area ( see eg ~ 
5.2.2). For later specimens, a rotating table was used so that each specimen 
passed through both the weak and the strong flux areas. This arrangement 
also allowed more specimens to be treated during any one run. The first 
series of implantations establj_shed a set of standard conditions, which 
were kept to, as closely as possible, for the remainder of the project, 
When the rotating table was used, the dose rate was increased so that each 
specimen recieved the same average flux rate as the stationary specimens, 
Initially, implantation conditions were set so as to limit the 
specimen temperature to 300°c. As annealing of implantation damage in 
silicon is not effective below -500°c, and as higher temperatures are 
required to anneal SiC (see 2.2.1), it was thought that such a temperature 
limitation would ensure that minimal annnealing of damage would occur. 
These conditions are also similar to those used for industrial 
implantations at Harwell ( see eg. 5.3.2). 
Implantation Conditions - Pimento 
Ion Species 
Energy 
Average Dose Rate 
Implantation Rate 
Max Specimen Temp. 
Base Vacuum 
Running Vacuum 
Nitrogen, beam estimated -so% N2+ 
90 keV (:!:-5 keV) 
4.7pA cm-2 
56 mins per 1017ions cm-2 
-2so 0 c 
2 . 5x1 o-6 torr 
2~5x1o-5torr 
Dose control was achieved by timing the implantation process and 
frequently . checking that the implantation conditions remained constant. 
Where necessary, specimens were masked using thick aluminium foil. Total 
beam current could be measured by inserting a flap into the beam, and this 
was related to the ion current at the specimen using charts from 
calibration implantations performed by the Harwell implantation group. 
Where possible, doses were checked by nuclear-re1;1ction analysis, as 
described in section 4.2, either of the specimens themselves, or of 
stainless steel discs included in the specimen batch, 
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some of the early implantations, the severity of the variation was not 
appreciated, and the specimens were simply placed in the beam area (see eg: 
5.2:2). For later specimens, a rotating table was used so that each specimen 
passed through both the weak and the strong flux areas. This arrangement 
also allowed more specimens to be treated during any one run. The first 
series of implantations established a set of standard conditions, which 
were kept to, as closely as possible, for the remainder of the project. 
When the rotating table was used, the dose rate was increased so that each 
specimen recieved the same average flux rate as the stationary specimens. 
Initially, implantation conditions were set so as to limit the 
specimen temperature to 300°c. As annealing of implantation damage in 
silicon is not effective below -500°c, and as higher temperatures are 
required to anneal SiC (see 2.2.1), it was thought that such a temperature 
limitation would ensure that minimal annnealing of damage would occur. 
These conditions are also similar to those used for industrial 
implantations at Harwell ( see eg. 5;3.2). 
Implantation Conditions - Pimento 
Ion Species 
Energy 
Average Dose Rate 
Implantation Rate 
Max Specimen Temp. 
Base Vacuum 
Running Vacuum 
Nitrogen, beam estimated -so% N2+ 
90 keV (:!:-5 ke.V) 
4.7uA cm-2 
I 
56 mins per 10 17ions cm-2 
-2so 0 c 
2. 5x1 o-6torr 
2 : 5x10-5torr 
Dose control was achieved by timing the implantation process and 
frequently checking that the implantation conditions remained constant. 
Where necessary, specimens were masked using thick aluminium foil. Total 
beam current could be measured by inserting a flap into the beam, and this 
was related to the ion current at the specimen using charts from 
calibration implantations performed by the Harwell implantation group. 
Where possible, doses were checked by nuclear-reaction analysis, as 
described in section 4.2, either of the specimens themselves, or of 
stainless steel discs included in the specimen batch. 
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Generally, correspondence between calculated and analysed doses was 
found to be good except at higher doses where substantial sputtering 
occurred, as de_£ribed in section 5.1.2. However, miscalibration of the beam 
after modification of the pumping system caused gross dose overestimation 
when the cobalt specimens were implanted ( see 5.3.6 ); the real dose was 
only 40% of that estimated. Unless each implantation run is checked by 
post-implantation analysis, this machine is not very suitable for 
non-industrial research uses. It does, however, have the advantage of a 
high specimen throughput compared with the other two machines used. 
4.1.2 Cockcroft-Wal ton Accelerator 
This machine was originally built in 1950 as a neutron generator, 
and was adapted for implantation work in 1967. The machine is illustrated 
in fig. 4.1.2.1. A detailed description of the machine's construction and 
capabilities has been given by Goode (1971). 
The accelerator has a maximum working voltage of 500kV; voltages up 
to 150kV were used in this study. Ions are produced by a sputtering ion 
source, capable of generating a wide range of ion species. Production of 
ions of gaseous elements is relatively simple. Acceleration takes place in 
the vertical section of the machine. The ions then pass through an 
analysing magnet and are scanned electromagnetically over the specimen 
surface. Only small specimens c-3omm diameter) can be implanted in the 
standard target chamber, though several specimens can be held in a 
cassette under vacuum, so that pumpdown is not necessary between each 
implantation. However, the running vacuum (2x1o-7torr) is much better than 
that in the 'Pimento', and implantation conditions are continuously 
monitored and adjusted, thus ensuring good dose control. 
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4.1.3 Harwell-Lintott Isotope Separator 
This accelerator, though developed principally for semi-conductor 
industry implantations, can be used to produce ions of almost any element 
[Freeman et al. (1977)]. The machine was used in this study to implant 
silicon carbide with boron (see 5:L6, 5.1.7). Figure 4.1.3.1 shows the 
machine and ion source. 
The Harwell low-voltage discharge ion source [Freeman (1969)] was 
used with a BF 3 feed for the implantations performed in this study. A 
wedge-shaped beam is produced, which can be accelerated up to 80kV before 
magnetic analysis, and can be further accelerated up to 200kV afterwards. 
The specimens are mechanically scanned within the stationary beam; a 
specimen area of approx. 60mmx40mm can be covered. The beam variables are 
constantly monitored, giving accurate dose control. Background vacuum is 
-1 o-6torr. 
For the boron implantations, conditions were chosen to be equivalent 
to those for the nitrogen implantations described in section 4.1.1, ie. 
1017N2 + at 80kV = 2x10
17B+ at 40kV 
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FIG. 4.1.3.1 (a) Harwell-Lintott implantation machine; ( b) Ion source 
(from Freeman (1979)). 
4.2 Nuclear Reaction Analysis 
This method was used to check the total doses of nitrogen implanted 
into both actual samples ( see 5. L2) and into stainless steel test discs 
included in implantation runs ( see 5.3.6). The technique in gener al 
involves the inducement of a nuclear reaction by injection of an 
accelerated particle or a high-energy photon, followed by quantitative 
detection of one of the reaction products. These, and similar, methods have 
been reviewed by DeConninck (1978). 
Nuclear reaction analysis is a particularly useful method for the 
detection of light elements, such as nitrogen and boron, for which other 
common techniques (eg . energy dispersive X-ray analysis, neutron 
activation) are inadequate [DeConninck ( 1978) J. Individual elements or 
isotopes can easily be distinguished by selection of reactions yielding 
products of well-defined energies. In the analyses performed for this 
study, the reaction used was: 
14N + d-> 12c + <X + 13.575 MeV 
[d=deuteron ,cx= helium nucleus] 
This is conventionally written as 14N(dpc) 12c. 
The analyses were performed using the 6 MeV Van der Graaf 
accelerator at AER'E Harwel l , using 2.4 MeV deuterons. Detection of ex 
particles was by silicon surface barrier devices (Ortec Inc .) . An ar ea 
-1mm2 of the surface was analysed and calibration was by comparison wi th a 
standard sample. 
If a react ion producing particles of a low, very well-defined energy 
is used, then the loss of energy of such particles penetrating from t he 
bulk to the surface (see 2.1.4) can be used to ' evaluate the depth at which 
the reaction occurred, and so a concentration profile can be produced. The 
reaction 14N(dpc) 12c is not of this type, and so only total nitrogen 
concentrations could be determined. Concentration profiles of nitrogen can 
be produced if the implantation is of the rare isotope 15N (0.37% of 
natural nitrogen); and by using the reaction: 
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4,2 Nuclear Reaction Analysis 
This method was used to check the total doses of nitrogen implanted 
into both actual samples ( see 5.1.2) and into stainless steel test discs 
included in implantation runs (see 5.3.6). The technique in general 
involves the inducement of a nuclear reaction by injection of an 
accelerated particle or a high-energy photon, followed by quantitative 
detection of one of the reaction products. These, and similar, methods have 
been reviewed by DeConninck (1978). 
Nuclear reaction analysis is a particularly useful method for the 
detection of light elements, such as nitrogen and boron, for which other 
common techniques (eg~ energy dispersive X-ray analysis, neutron 
activation) are inadequate [DeConninck ( 1978) ]. Individual elements or 
isotopes can easily be distinguished by selection of reactions yielding 
products of well-defined energies. In the analyses performed for this 
study, the reaction used was: 
14N + d-> 12c + ~ + 13.575 MeV 
[d=deuteron~oc=helium nucleus] 
This is conventionally written as 14N(d,oc) 12c. 
The analyses were performed using the 6 MeV Van der Graaf 
accelerator at AERE Harwell, using 2.4 MeV deuterons. Detection of ex 
particles was by silicon surface barrier devices (Ortec Inc.). An area 
-1mm2 of the surface was analysed and calibration was by comparison with a 
standard sample. 
If a reaction producing particles of a low, very well-defined energy 
is used, then the loss of energy of such particles penetrating from the 
bulk to the surface (see 2.1.4) can be used to ' evaluate the depth at which 
the reaction occurred, and so a concentration profile can be produced. The 
reaction 14N(d,oc) 12c is not of this type, and so only total nitrogen 
concentrations could be determined. Concentration profiles of nitrogen can 
be produced if the implantation is of the rare isotope 15N (0 . 37% of 
natural nitr ogen) ,· and by us i ng the reaction: 
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15N + p-> 12c +a+ 4,964 MeV 
In this study, the concentration profiles were assumed to be similar 
to those calculated for various ions in silicon (see 2.1.4). The 
cross-section TEM results in section 5.2. 7 correspond well with such 
profiles. For 80 keV (di) nitrogen, peak concentration is at a depth of 
-o.3pm. 
4.3 Specimen Sectioning and Polishing 
Smooth, damage-free, polished surfaces were required for all the 
tests performed in this study. For each material, a different surface 
preparation technique was required: 
i) Silicon - wafers could be used as supplied (one side lapped and 
chemo-mechanically polished), after cleavage along { 110} planes into 
smaller specimens. 
ii) Silica glass - discs (10mm diameter, 3mm thick) were used as 
supplied in a good state of polish. 
iii) Lithium fluoride - crystals required cleavage along {100} to 
produce a fresh usable surface. 
iv) Metglass and cobalt - supplied as ribbon or thin sheet; required 
polishing. 
v) WC-Co supplied as large discs (25mm diameter, 3mm thick). 
Required polishing, and for some purposes, sectioning. 
vi) Silicon carbide materials - required sectioning from compacts (eg. 
rod) or single crystal, followed by polishing. 
Roughly the same sectioning and/or polishing techniques were used 
for all materials, making due allowance for their particular 
ductile/brittle characteristics , and these are detailed below. 
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4.3.1 Sectioning 
All sectioning was performed using a Capco Q35 high speed diamond 
saw. Bulk material was stuck to friable ceramic blocks using a high 
melting point wax ('Tanwax', m.p. -150°c). These blocks were similarly waxed 
to a brass bar which was clamped to a two-axis goniometer head on the saw. 
Specimen alignment was performed by eye. Slices as thin as -,soµm could be 
cut; the blade thickness was -25oµm. Cutting speed was of the order of 1mm 
per minute. 
It was found that any thickness of SiC could be cut, but the cemented 
carbide tended to clog and jam the blade if blocks wider than -5mm were 
cut. However, no other satisfactory method of cutting WC-Co could be found 
( apart from spark erosion cutting of 3mm discs for TEM), so large blocks of 
this material wer e cut on the Capco saw by mounting them in such a way that 
only a small width of WC-Co was in contact with the blade. 
4.3.2 Polishing 
It was found useful to mount small sections of WC-Co in bakelite, 
using a conventional metallurgical hot-mounting press~ prior to polishing. 
Attempts to mount SiC materials in a similar way usually cracked the 
specimens so badly as to render them useless~ Accordingly, these and all 
other brittle materials were polished after mounting by low melting point 
wax ('Lakeside 70 1, m.p. -70°c) to aluminium blocks. The more delicate 
slices and foils were wax-mounted onto glass slides, then onto the 
aluminium blocks. 
Polishing was performed using a range ·of diamond pastes on laps and 
cloths using an Engis Ltd. 'Kent' Mk2A machine, the sequence being: 
i) Cast-iron laps - 14µm and 6µm diamond 
ii) Copper lap - 6um 
I 
diamond 
iii) Hydrocell Pellon Cloth - 6µm diamond 
iv) Microcloth - 1µm and 1 /4µm diamond 
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These were followed in sequence, the polish being checked after each stage 
using an optical microscope. For some delicate specimens, lapping was 
omitted and initial polishing was on Hydrocell Pellon using 14pm paste. 
Initial lapping was continued until a flat surface was obtained; each of 
the subsequent polish stages usually occupied 5-10 minutes, longer if 
examination showed this to be necessary at any stage. Applied load was 
1.75kg for the 14pm and 6J..lm pastes and 0.5-1kg for the finer pastes. Final 
polishing was performed by hand on the 1/4µm paste. The metglass specimens 
were finished by polishing on 0.05pm alumina slurry in a vibropolisher 
(see5.4.1). 
4.4 Indentation Plasticity and Fracture Techniques 
4.4.1 Microhardness Testing 
A large proportion of the work in this study involved microhardness 
testing of the various materials before and after implantation, followed 
by analysis of diagonal measurements and examination of the fracture 
patterns and surface topography around the indentations. Indentation 
plasticity and fracture have already been discussed in sections 3.1.2 and 
3.2.2; this section is limited to a discussion of the indentation and 
analysis techniques used in this study. 
All microhardness testing was carried out using a Leitz 'Miniload' 
microhardness machine. A Vickers profile indenter was chosen as it is 
widely used and as results are less dependent on indenter orientation with 
respect to specimen crystallography than is the case for the Knoop profile 
indenter. Indentations were performed at room temperature in air, using an 
indenter dwell time of 15 seconds. Indentation diagonals were measured 
using the micrometer eyepiece of the microhardness tester, except for the 
indentations made on silica glass, where extensive cracking around the 
indentation made this impossible (see 5.4.3). In this case, diagonals were 
measured from scanning electron micrographs; care was taken to ensure that 
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the level of scanning distortion was low (by checking the squareness of 
indentations and the indentation arrays), and magnifications were 
calibrated using the inter-indentation spacings. 
The basic problem with using conventional microhardness testing 
equipment to examine changes in plasticity in implanted layers is that 
even for the hardest materials (eg. SiC, Si) and using the lowest loads 
practicable, the indentation depth is at best of the order of, and usually 
much greater than, the implantation depth. For example, use of loads below 
50g on SiC produces small (<3µm diagonal), irregular (the indenter may not 
be well shaped near the tip) indentations which are impossible to measure 
accurately in the microhardness tester, and virtually impossible to find 
in the SEM. Even in the SEM, such small, irregular indentations would be 
very difficult to measure with any degree of accuracy. However, a 3}lm 
diagonal indentation still has a depth of -o.5µm, and the plastic zone 
associated with the indentation will be of considerably larger size (see 
3.1 .2 ). The ions implanted in this study give a 'layer' depth of -o.5}lm, so 
even the smallest indentation practicable with conventional microhardness 
testers samples a thickness of material much greater than that at which 
the bulk of the implanted ions and the implantation damage lie (see 2.1 .4). 
An approach taken by Pethica and others is to use specially designed 
ultra-microhardness testing devices, which monitor the penetration of a 
specially profiled diamond into the specimen surface, together with the 
applied load at each stage [Pethica (1982)]. In this way, the variation in 
hardness at each stage of the indentation process from the time of the 
first contact can be evaluated. Typical loads are in the pN range, and 
penetratiOJ'.lS down to a few nm can be monitored . ( see 2.4.2). Roy Chowdhu~ 
et al. ( 1980) used similar equipment, but with such low loads that rio 
' 
plastic deformation occurred; the results obtained were related to/ the 
adhesion behaviour of the surfaces ( see 2.4.1). These techniques require 
careful specimen preparation, and 
generally available. 
require sophisticated equipment not 
"" 
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An alternative approach has been used in this study, based on the 
work of Sargent ( 1979), in which use is made of the concept of the 
indentation size effect (ISE) (see 3.1.2). The change in measured hardness 
with indentation size is evaluated in terms of the Meyer index ( see 
below), and comparisons made between the ISE in unimplanted and implanted 
materials. In this way, the influence of an implantation-affected layer of 
fixed thickness on indentations (and thus indentation-induced plastic 
zones) of varying size can be studied. While it is not possible, by this 
method, to determine directly the mechanical properties of the implanted 
layer (which is in any case not uniform with depth), a semi-quantitive 
comparison of the properties of the implanted and bulk materials can be 
made, and direct comparisons can be made between the microhardness 
behaviour of variously dosed specimens of the same material. 
The raw data (indentation diagonal sizes) were processed using the 
ISEMH suite of programs written by Sargent, and described in detail by him 
[Sargent ( 1979)]. Only a brief descri tion of the input, processing methods 
and output will be given here. 
i) Input- This is in the form of a series of indentation diagonal 
measurements at various loads. To ensure the production of an internally 
consistent and meaningful set of results, data from a particular series of 
specimens should be as alike as possible; that is, the same number of 
measurements should be made at each load used, and the load range should be 
the same for each specimen in the series. 
ii) Processing - the program first calculates a hardness value for each 
of the diagonal measurements and from these a mean value (with standard 
deviation) for each load. All data are then fitted to the ISE equation: 
L = a.dm 3.1.3a 
[L=applied load, d=indentation diagonal, m=derived Meyer index] 
The fit is performed by transforming the equation to logarithmic form : 
ln(L) = ln(a) + m.lri(d) 3.1.3b 
followed by data fitting to the best straight line by a 'weighted least 
squares' method (the weighting is to compensate for the distortion in the 
Gaussian error function by the tranformation to logarithmic form) . The 
data fitting is performed by minimising the squared errors in ln(d), since 
Lis assumed to be known accurately. This analysis enables the Meyer index 
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and 'a' to be evaluated, with the errors in each; these errors are not 
independent of each other. The value of 'a' is that of the extrapolated 
hardness at an indentation diagonal of 11-1m: such a parameter for a 
material is useful for comparison purposes ( see above). However, a 
diagonal size of 1pm is an extrapolation well beyond the limits of the 
input data, and so the program interpolates a hardness value for an 
operator-specified diagonal size. In all the results presented in chapter 
5, this fixed reference indentation size is 10pm, being as small a size as 
could confidently be interpolated from the input data. 
iii) Output - this consists of a listing of the diagonal values, derived 
hardness values, and the mean hardness and error at each load. Best values 
of the Meyer index and 1 Opm hardness, with standard deviations, are 
produced. Graphs are output of the variation of hardness with load, and of 
the variation of hardness with diagonal size. A graph of the fitting to 
equation 3.1.3b is also produced, showing the 'best fit' line. A plot in 10pm 
hardness vs. Meyer index space is drawn, showing the best values and the 
area surrounding this in which there is a 95% probability that the true 
values lie. This area is elliptical in shape, as the limits of error of 
these two are not independent, being derived from the sarne line fitting. 
Examples of the graphical output are shown in figs. 4.4.1.1. 
In all the results presented in chapter 5, values of the Meyer index 
and 1 Opm hardness are given for various materials at each implantation 
dose used. In all cases, results were derived from 5 indentations ( 10 
diagonal measurements) at each load used, the loads being chosen to cover 
the diagonal , size range from -3opm to the smallest size measurable, 
usually -5pm. When changes were found in the indentation behaviour after 
implantation, these were usually only apparent at the smaller indentation 
sizes (,15pm). There were no cases where the larger diagonal sizes varied 
e 
significantly with implantation. Changes in the Meyer index can ther.<_fore 
be taken as reflecting the characteristics o'f the near-surface material. 
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FIG. 4.4.1.1Cb) ISEMH output for implanted REFEL, dose 4x10 17N2 cm-2: (i) 
Hardness vs. load; (ii ) Hardne ss vs . indentation diagonal; (iii ) Meyer 
index / 10pm hardness 'space', with best fit values and 95% certainty 
contour; (iv) line fitting for (iii ) . 
4.4.2 'Broken-open' Indentations 
This technique was developed to study the subsurface lateral 
fracture paths in SiC and Si~ by sectioning the specimen normal to the 
surface through a line of indentations. 
Indentations were made in a closely spaced line across a thin (less 
than 500µm thick) specimen, so that the median/radial cracks were in line 
in a cleavage direction and almost joining. The specimen was then placed 
over the edge of a glass slide, held in place by a second slide; pressure 
was applied on the projecting half of the specimen with a third slide 
until it fractured by extension of the line of cracks. For some very small 
specimens, three slides used in a three-point bend configuration were 
found to be a more effective method of breaking. The two halves of the 
specimen were then mounted on an SEM stub for examination. Results from 
this type of specimen are given in sections 5.1.4, 5.1.7 and 5.2.3. 
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PLASTIC . 
CERAM~..,., 
FIG. 4.5.1.1 Scratch testing machine. The specimen on the stage is driven 
beneath the loaded scriber by the motor/gearbox. 
100µm 
(a) 
FIG. 4.5. 1 .2 90° diamond cones, before (a) and after ( b) wear tests. The 
diamond in (b) had made tracks on silicon carbide to a total length of 
-25mm at loads 10-50g. 
seen under a microscope, it was withdrawn from use. At each stage of 
blunting when testing implanted materials, reference tracks were made on 
unimplanted material so that the effects of implantation on chipping could 
be distinguished from those of the progressive diamond blunting. 
4.5.2 Diamond paste Abrasion Tests. 
These were performed on silicon surfaces for plan and profile TEM 
examination (see 4.6). Specimens were lightly rubbed by hand on a cloth 
impregnated with 6um I diamond paste, until microscopical observatio
n 
revealed that a sufficient density of tracks had accumulated to ensure 
that some would cross the limited area usable in the TEM after thinning. 
Tracks on all the specimens treated in this way appeared in the optical 
microscope as purely plastic grooves. 
4.5.3 Pin-on-Disc Wear Tests 
Discs of WC-Co c-25mm diameter) were worn on an Avery-Denison 
pin-on-disc machine at AERE Harwell. In this machine, shown in fig. 4.5.3.1, 
a 0.5mm diameter cylindrical WC-Co pin bore against the disc, rotating at 
2000 rpm, under a load of 100N: Wear rates were measured by monitoring the 
vertical movement of the pin load arm: The test couple were immersed in a 
recirculating bath of 'white spirit' as coolant and lubricant. Wear rate 
results for such tests are detailed in section 5.3.2; specimens of this 
type were examined by SEM and TEM techniques ( see 5.3.4, 5.3.5). 
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FIG. 4.5.3.1 Avery-Denison pin-on-disc wear testing machine. The 
lubricant recirculating system has been removed for clarity; the disc/pin 
couple run immersed in white spirit. 
4.6 Electron Microscope Specimen Preparation Techniques 
The early stages of this project found several ways in which ion 
implantation could change the near-surface plasticity and fracture 
behaviour of materials. In order to investigate the interaction between 
implantation damage (see 2.2) and near-surface deformation structures, 
transmission electron microscopy (TEM) was performed on several of the 
materials investigated, these being SiC, Si and WC-Co. Plan views of the 
implanted layer and the surface were obtained by back-thinning of 
specimens. A cro~s-sectioning technique, allowing the near-surface 
material to be seen in profile, was employed on some of the silicon 
specimens . 
4.6.1 Plan-view Specimen Preparation Techniques 
All such specimens were initially prepared by waxing a specimen to a 
glass slide, using 'Lakeside 70' low-melting point wax, the 
implanted/deformed layer facing the glass, then polishing the specimen to 
-5oµm thickness; Initial specimen size was usually Z1 cm
2in area and 
-250-500µm thick. Silicon wafers were easily cleaved to a useful size; 
whereas specimens of silicon carbide and WC-Co were cut using the 'Capco' 
saw ( see 4.3. 1). Polishing required different techniques for each material. 
Silicon was polished on 500 grit SiC paper until -1ooµm thick, then by hand 
on the sequence of laps and cloths listed in section 4.3.2. The Si C and 
WC-Co specimens required machine polishing at all stages, as described in 
section 4.3,2; It was often found useful , particularly for the thicker 
WC-Co specimens, to surround the specimen with a box of glass cut from 
slides so that the specimen lapped down flat. 
Cutting of 3mm discs from the thin sections was performed by 
ultrasonic machining for the Si and Si C specimens, an.d by spark machining 
for the WC-Co . U1 trasonic machining was performed using a Kerry 
Ultrasonics 'sonorode model KT 150 drill and a slurry of boron nitride as 
the cutting fluid; Initial specimen cutting used the drill's own weight 
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(lessened by internal springs) to drive the bit into the specimen; however; 
even using the lightest load setting and with sharp tool bit~ specimens 
frequently broke up or were lost from the slide during cutting. Following 
a suggestion by Cullis (1980), the machine was altered so that the height 
of the bit remained constant and the specimen was raised up to be cut, 
using a three way micrometer stage. This arrangement gave consistently 
good results. After cutting of the discs; they were removed from the slide 
by soaking in warm methanol. 
WC-Co proved to be too plastic to be effectively cut by the abrasive 
process of ultrasonic machining. Discs were therefore cut by spark 
machining, using a Metals Research Ltd. 'Servomet' Type SMD machine. The 
lapped and polished strips of WC-Co were fixed using a mixture of 'Durofix' 
and graphite powder to a metal plate, which was clamped to the machines 
work table. It was found important to glue the specimen with the polished 
face uppermost; if this was not done, sparking at the glue-specimen 
boundary spoiled the surface finish. 
All foils were thinned to perforation by ion beam thinning. Some 
early specimens were thinned on Edwards IBMA-2 machines, later ones on Ion 
Tech 4004 'Microlap' machines~ Specimens were lapped from the unimplanted 
side, using argon ion currents of 0.5mA (0.05mA on the Edwards machines) at 
4-6kV, at an incidence angle of 10-20°. One of the Ion Tech machines was 
fitted with a liquid nitrogen cooled stage, but examination of the 
profile-view specimens (see 5.2.7) showed that negligible annealing had 
occurred during specimen preparation, and so this facility was not used. 
4.6.2 Cross-sectional Specimen Preparation 
Although plan view specimens were found to produce usable specimens 
of the implanted and/or deformed surface (see 5. 1.7, 5. 2.7) , such specimens 
give little information about the variation with depth of the structures 
of such surfaces • . Cross-sectional specimens were therefore prepared. 
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The method adopted was essentially that of Fletcher (1973), 
subsequently used by several workers in semiconductor field [eg; Cullis, 
Webber and Chew (1980)]. The method allows comparison of two juxtaposed 
surfaces in the same specimen, so that a 'control' surface can be examined 
at the same time as the one of interest, and any artefacts of the specimen 
preparation route can be allowed for. The technique as described here is 
that for the preparation of cross-sectional specimens from silicon wafers; 
however, it could be extended to other materials of suitable size and 
thickness, provided they can be bonded by some form of low-viscosity 
adhesive. The technique is described below in the form of a detailed set of 
instructions for specimen preparation; 
i) Materials required: 
a) backing blocks - -1 Ox3x2mm, cut from silicon, with faces flat and 
accurately at right angles; 
b) specimen silicon - cut or cleaved to -3x10mm; 
c) adhesive - a low viscosity, rapid-drying epoxy resin ( 'Dev con' 
modelling epoxy resin was found to work well); 
d) two small engineers' clamps; 
e) miscellaneous: glass slides, 500 grit SiC paper, large glass polishing 
plate, cocktail sticks, filter papers and alcohol. 
ii) Pre-preparation notes: 
a) Cleanliness is vital. Silicon dust from specimen cleavage is a 
particular nuisance - any filter paper used for cleaving should be thrown 
away immediately. All glass slides, silicon, etc, should be washed in 
alcohol and wiped on a clean filter paper before use. 
b) The epoxy resin should be mixed well, and enough should be made at 
once to ensure a good 50:50 mixture of resin and hardener. If the glue 
appears cloudy after thorough mixing, it should be thrown away and a new 
tube used. 
c) The clamp faces sould be well-linnished on SiC paper, and covered 
with sellotape to prevent the epoxy from sticking irretrievably. 
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iii) Preparation method ( see fig. 4.6.2.1 ): 
a) Place on a clean glass slide the two specimen halves, one polished 
face up, the other polished face down, and two backing blocks, working 
faces (2x10mm) uppermost. 
b) Mix the glue~ Pick up one backing block in tweezers, dip the working 
face in glue and press on to the unpolished specimen half. Dip the pair 
thus formed into the glue, wetting the polished face, and press this to the 
polished face of the other specimen half. Similarly attach the other 
backing block, and put the assembled specimen down on a clean glass slide. 
c) Using cocktail sticks, move the components of the specimen against 
one another so as to clear excess glue from the joints, keeping the 
assembly flat on the slide. 
d) Apply one clamp, keeping the faces parallel. Lift the specimen from 
the slide and tighten the clamp fully. 
e) Leave the assembly to dry under a light bulb for at least an hour, 
using the other clamp as a stand. 
f) Remove the specimen from the c~amp, and hand-polish one side flat on 
the SiC paper on the glass plate. When all the joints are exposed on a flat 
surface; transfer to hand polishing on a 14pm lap, 6pm laps and 1pm cloth 
( see 4.3;2). 
g) Wax the polished side to a glass slide, using 'Lakeside 70' wax, and 
hand polish the specimen on 500 grit SiC paper until it is -2ooum thick. I 
Carefully polish on a 14µm lap until -1ooµm thick, then on 14µm, 6pm and 
1 µm cloths ; aiming for a final thickness of <'.50pm. If the specimen is found 
to chip at the joints during lapping, polish on 14µm paste applied 
directly tq the glass plate. 
h) Using an ultrasonic drill; as described in section 4.6.1, cut 3mm 
discs from the specimen, centering the drill carefully. 
i) Separate the disc from the slide by , soaking in warm methanol or 
trichloromethane, until the discs float off. The discs can then be scooped 
up on an EM grid held in tweezers. At this stage it is quite likely that 
the backing blocks will have detached themselves from the central part of 
the specimen. Good specimens can still be easily produced if this occurs; 
j) Mount the specimen in an ion beam thinner, using 'hole' type EM grids 
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I' 
as support if only the central portion is left, and thin from both sides in 
the usual way ( see 4. 6. 1). Often perforation leaves a central glue and 
silicon 'spine'. This should be thinned until it breaks in two, when the 
needles thus produced are normally good specimens. 
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FIG. 4.6.2.1 
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CHAPTER 5 
EXPERIMENTAL RESULTS 
5. 1 Experiments with Implanted Silicon Carbide 
5.1.1 Description of Materials 
Silicon Carbide (SiC) is a very hard, brittle material. It exhibits 
polytypism (see below), that is, it has many crystal structures which 
differ from each other only in the sequences in which identical layers of 
SiC tetrahedra are stacked. It is a semiconductor with a band gap of 
-2-3eV, depending on polytype [Parche ( 1964) J. Silicon carbide is 
available as single crystals and in a variety of polycrystalline forms 
( see below). Experiments were performed on single crystals and on a 
reaction bonded form, REFEL *. The different forms of silicon carbide are 
described below; the results of experiments performed on both the single 
crystals and REFEL followed the same pattern, and are described together 
in sections 5.1.2 to 5.1.7. 
* 
'REFEL' is a regd. trademark of the UKAEA. 
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i) Polytypi sm of Si C 
As the archetypal polytypic material, silicon carbide has been 
extensive:)..y investigated by crystallographers [eg. Verma and Krishna 
(1966)]. Hundreds of regular variants of the stacking sequence are known, 
some with very large 'c' spacings . There are several commonly found 
room-temperature (meta)stable forms; these are listed below: 
Polytype 
6H 
15R 
4H 
3C 
Zhdanov Symbol 
(33) 
(23 )3 
(22) 
(00 ) 
Remarks 
Commonest Polytype 
The only cubic polytype 
Several symbolisms are used to describe the polytypes. The simplest 
classification is the division into a (non-cubic) and~ (cubic) polytypes. 
The a polytypes can be divided further into hexagonal (H) and rhombohedral 
(trigonal) (R). The polytype name then consists of the number of layers of 
C-Si tetrahedra in one c-repeat, and a letter giving the crystal class. The 
structure of the basic C-Si layer is shown in fig. 5. L1.1. These layers are 
parallel to (0001) in the a polytypes and to (111) in the~ polytype. Each 
layer in the three dimensional structures is related to the ones 'above' 
and 'below' it by a translation of a/3<1TOO>; adjacent layers may also be 
related by a rotation of 180°. The 'Zhdanov symbol' for a polytype then 
gives the number of succesive steps in one <1TOO> direction before such a 
rotation, followed by the number in the reverse direction, etc. The unit 
cell of 6H SiC (Zhdanov symbol : (33)) therefore has three successive 
layers related to each other by steps of a/3<1 TOO>, followed by three 
layers in the 180° rotated orientation related to each other by steps of 
a/3<T1 OO>. · -The stacking sequences for the various polytypes can be 
illustrated on tramline diagrams, ie. schematic cross-sections on a { 1120} 
plane [Verma and Krishna (1966)]~ Figs. 5.1.1.2 illustrate the stacking 
sequences of two common polytypes, 6H and 3C; the structures of these two 
polytypes are particularly relevant to the TEM observations reported in 
5.1.7. 
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FIG. 5.1.1. 1 All SiC polytypes can be considered as consisting of planes 
of SiC tetrahedra joined at the corners . 
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FIGS . 5.1.1.2 The structure of two common polytypes of SiC: (a) 3C; (b) 6H, 
as viewed down the <10TO> direction, and as represented in 'traml i ne 
diagrams' . 
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Polytypes differ from each other only in long-distance 
co-ordination (3rd nearest neighbour and further) and so the energy 
differences between them might be expected to be small. Furthermore, 
transformations between one polytype and another involve a good deal of 
reconstruction (though mechanisms involving partial dislocations may ease 
transformations in some cases [eg. Jepps and Page (1979)]. It is not, 
therefore, surprising that a large number of polytypes of SiC are stable 
at room, and higher~ temperatures. Conditions for the formation of, and 
transformations between, various SiC polytypes have been studied by 
several workers [eg. Jepps and Page (1979)], but many aspects are still not 
well understood. It is known that ~-SiC is only produced directly by low 
temperature ( <1400°C) syntheses [Popper ( 1960) ], and that the ~ form 
transforms irreversibly to the 6H polytype at temperatures greater than 
160o0 c [Jepps and Page (1979)]. The stabilities of polytypes are also 
thought to be influenced by their impurity content [Verma and Krishna 
( 1966) J ~ In particular, nitrogen is thought to stabilise the ~ polytype 
[Kieffer et al. (1969)] (see, however, the results in 5.1~7). Most of the 
very long-period polytypes are thought to arise from the growth of a 
faulted short-period polytypes around a screw dislocation [Verma and 
Krishna (1966)]. 
The analysis of polytypes of SiC has been performed by a variety of 
techniques, including: 
a) X-ray methods [Tung and Faust (1974)], [Verma and Krishna (1966)]; 
b) Examination of etch pits on the (0001) plane [Faust et al. (1974)]; 
c) Observation of lattice fringes in the TEM [Jepps and Page (1980)]. 
The last technique is particularly suited to the study of structures at 
transformation, etc. interfaces. In this study, simple TEM diffraction 
techniques ·were used to distinguish between polytypes (see 5.1.7) . 
ii) Single Crystal SiC - Mechanical .Properties 
Silicon carbide is a covalent solid, with the typical properties of 
such materials; it is hard, brittle and has a high elastic modulus: 
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VHN 2500-3500 kgmm-2 (see 5.1.3) 
Krc 3-5 MPa [Naylor and Page (1980)] 
Young's Modulus 390 GPa [Parche (1964)] 
Poisson's Ratio o. 16-0. 18 [Parche (1964)] 
Fracture paths in hexagonal SiC are most likely to be along the {1TOO}, 
{1120} and (0001) cleavage planes, in increasing order of calculated work 
of fracture (8.4, 10 and 21 Jm-2 [Shaffer (1964)]).- Fracture is observed 
around microhardness indentations and diamond cone scratch tracks [Page 
et al. ( 1978) ]; the changes in such behaviour with ion implantation are 
detailed in sections 5.1~4~ 5.1 ~5 and 5.1.6. 
Since silicon carbide is so brittle, microhardness testing is the 
only effective way of studying its plastic flow characteristics at low 
temperatures. Study of the Knoop hardness anisotropy of ~-SiC [Sawyer et 
al. (1980)] on various crystallographic surfaces has identified the active 
slip systems as (0001)<1120> and {1T00}<1120>. Similar conclusions have 
been reached as a result of X-ray topographic studies [Posen and Bruce 
(1974)], and TEM observation and etching of dislocations [Adewoye and Page 
(1976)]. The {1T00}<1120> slip system has the lower critical resolved 
shear stress ( CRSS), by a factor of -1.5 [Sawyer et al. ( 1980)]. Slip 
systems of the type {hn01}<1120> are also possible. The value of the yield 
stress was estimated to be 12-52 GPa. Silicon carbide crystals are 
normally obtained in an impure state (nitrogen and aluminium being common 
impurities). It is possible that the impurity type and concentration could 
influence flow behaviour, as is known for silicon ( see 5.2.1 ). Comparison 
of theoretical stresses for 'exotic' deformation mechanisms such as block 
shear, densification and crowdionic diffusion with the transient stresses 
occcuring during indentation indicates that such mechanisms may also 
operate, though no experimental evidence for this has been produced 
[Sawyer et al. (1980)] (see 3.1.1). 
The mechanical properties of cubic (~) SiC have not been well 
investigated, due to the difficulties of preparing large crystals. Shaffer 
(1965) investigated its microhardness behaviour, and found a hardness of 
2500-2900 kgmm-2 (at a load of 100g), with very little anisotropy. This 
hardness value is similar to that for ~-SiC. The slip system in ~-SiC has 
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been found to be {111}<1TO> [Stevens (1970)], identical to that in diamond 
and silicon, which have crystal structures closely related to that of 
~-SiC. This slip system is equivalent to (0001)<1120> in the~ materials. 
Given the similarity of the structures of SiC polytypes at a local level 
( 1 st and 2nd nearest neighbour distances and orientations), and the 
narrowness of dislocation cores in such a strongly covalently bonded 
material, it is not surprising that the stresses for dislocation movement 
in the various polytypes are so similar. 
No data are available on the fracture properties of ~-SiC, but Krc• 
etc, would not be expected to vary markedly from those for ~-SiC. The easy 
fracture planes, 1 ike those in Si and diamond, would be expected to be 
{110}, {112} and {111} (see 5;2.1). 
The single crystal material used in this study was supplied by 
Arend al Smel tewerk (Norway) in the form of blue-black crystal 
agglomerates. These were prepared by the Acheson process ( described by 
Parche (1964)), where coke and silica are heated to temperatures of 
2000-2500°c in an electric · furnace. Well-formed crystals of hexagonal 
habit were broken from the agglomerates and cut (parallel to (0001)) and 
polished as described in section 4.3. 
iii) Polycrystalline SiC Materials 
The most common industrial use of SiC, in the form of powder or small 
grains, is as an abrasive, 'carborundum'*. However, interest is growing in 
the possibilites of using SiC as a high temperature semiconductor, because 
of its thermal stability and large band gap ( see numerous papers in 
'Silicon Carbide 1973' [Marshall et al. (Eds . ) (1974)]), and as a high 
temperature structural and bearing material, eg ., 'Ceramics for High 
Performance Applications' [Burke et al. (Eds.) ( 1974)]. The difficulties 
associated with the production and machining of large single crystals of 
SiC have led to the development of several polycrystalline forms for 
engineertng applications. The 'bulk' forms of the material (there are also 
* 
'Carborundum' is a trade mark of the Carborundum Co ., USA. 
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techniques such as chemical vapour deposition (CVD) for applying 
coatings) can be divided into three broad classes: 
a) Those formed from a powder compact by simultaneous heat and 
pressure ('hot-pressed') [eg. Lange (1975)]; 
b) Those where the bonding is by thermal effects (diffusion, etc.) at 
low or zero pressure ( 1 sintering' ); 
c) Those formed by pressureless methods where a chemical reaction 
binds the powder together ('reaction-bonded') . 
Of these, only reaction-bonded material, REFEL~ was used in this study. 
The preparation route of REFEL has been described by Popper (1960) 
and Forrest et al. (1972). A mixture of cx-SiC and graphite, in a polymeric 
binder, is formed by any standard polymer-forming process (eg. extrusion). 
The compact is then heated in vacuum to 1600-1700°c in contact with molten 
silicon. The silicon is drawn by capillary action into the body of the 
material and reacts with the graphite to form SiC, which deposits 
epitaxially on the 'old' grains. The final microstructure has been 
described by Sawyer and Page ( 1978) and is illustratP.d in figs. 5.1.1.3. It 
consists of the original angular SiC grit, epitaxially deposited SiC, 
5-10% residual silicon, and <0.1% porosity. Note that the SEM secondary 
imageing mode ( fig. 5.1.1.3b) shows contrast between the original and 
epitaxial SiC; this has been attributed by Sawyer and Page (1978) to 
differences in purity between these regions. Jepps (1980) has confirmed, 
by etching experiments, that the purity variation in REFEL is consistent 
with this proposal. The SiC, both original and reaction-formed, is 
predominantly of the 6H polytype, with some 15R and other polytypes; the 
fine precipitates in the silicon are mostly 3C SiC [Sawyer and Page 
( 1978) J. 
The m~chanical properties of REFEL, hot pressed and sintered silicon 
carbide materials have been reviewed by Edington et al. (1975a), (1975b) 
and their hot hardness and fracture behaviour have been investigated by 
Naylor and Page (1979), (1980). Relevant parameters for REFEL are: 
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10µm 
-
10µm 
FIGS. 5. 1.1_.3 Microstructure of REFEL reaction-'-bonded SiC: ( a) optical 
micrograph; (b) SEM (secondary electron) image; (c) SEM (back-reflected 
electron) image. Areas of SiC and Si can be distinguished in (a),(b) and 
(c) (barely). (b) Shows additional contrast, enabling original and new SiC 
to be distinguished. (b) and (c) show the same area. All indentations are 
at 500g load. 
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Dose 
12 
o~--~---~--~---~ 
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Nominnl Dose 11a7 N ntoms cm·21 
FIG. 5.1.2.1 Comparison of estimated and analysed doses for 
nitrogen-implanted REFEL. Note divergence from expected values at high 
,J,; s 1· ,, du" to sputtering. 
Young's Modulus 400-430 GPa [Edington et al. (1975a)J 
Poissons ratio 0.24 [Edington et al. (1975a)J 
Density 3.12 gcm-2 ['Edington et al. (1975a)] 
Tensile Strength 203 MPa ['Edington et al. (1975a)J 
Krc 4-5 MPam 112 [Edington et aL (1975b)] 
Microhardness ( 1 kg) 2400 kgmm-2 [Naylor and Page (1979)] 
The REFEL used in this study was cut from a bar supplied by UKAEA 
(Springfields, UK), and polished to a 1/4pm finish as described in section 
4.3. Its indentation plasticity and fracture and single-point-scratch 
+ behaviour were studied as a function of dose of N2 ions (see following 
sections). 
5.1.2 Specimen Implantation, Analysis and Sputtering 
Specimens of single crystal (0001) SiC (which will be referred to 
simply as SiC) and REFEL were cut and polished as described in sections 
5.1.1 and 4.3. Implantation was performed at AERE Harwell using the 
'Pimento' machine for the nitrogen implantation ( see 4. 1. 1) and the 
Harwell-Lintott . machine for boron implantation (see 4:1.3). In addition, 
some REFEL specimens were implanted using the Cockcroft-Wal ton machine 
( see 4. 1.2). Doses were from 1017 to 1:6x1018ions cm-2· The nitrogen 
implantations were performed over a period of approximately a year, as 
gaps in the data were found. During this period, the problems with dose 
control for the 'Pimento' machine became apparent, and analyses of a 
representative series of samples were performed (see 4.2). Not all samples 
could be analysed, because of time restrictions on the use of the Harwell 
6MeV Van-der-Graaf facility for (d,oc) analysis. Results are shown in fig. 
5. 1.2. 1. 
It can be seen that athough the analysed dose corresponds well to 
the estimated dose at low dose levels, there is a steady divergence 
between the two as the dose increases. The simplest interpretation of this 
is that surface sputtering at the higher doses has removed some of the 
previously implanted nitrogen along with the silicon carbide matrix. 
Examination of heavily implanted samples ( see fig. 5;1.2.2) shows their 
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FIG. 5. 1.2.2 SEM ( secondary electron) image of HEFEL surface implanted to 
8x1017N2 cm-2. Note surface dimpling due to sputtering . The silicon areas 
are just distinguishable . Indentation is at 1kg load. 
10µm 
f IG~. 5.1.2.3 Suppression of 'HEFEL contrast ' by low-dose implantation 
l? 110 17N2 cm-2 ) . SEM (secondary electron) images: (b) shows a close-up of 
0~ lateral 0rac k in (a). HEFEL contrast can be seen right up to the crack 
Jg, , ; the "Ontrant suppres.'3 1 on is a very shallow effect. 
surfaces to be severely pitted as a result of sputtering. 
Given a few simple assumptions about the implantation process, the 
+ sputtering rate can be estimated. For the samples of dose 8x10 17N 2 cm-
2; 
half of the implanted nitrogen has been sputtered away. If it is assumed 
that the peak of the nitrogen depth distribution in silicon carbide is at 
roughly the same depth as it is in silicon c-o.3µm), and that the 
distribution is roughly symmetrical, then the specimen has had roughly 
this amount of material removed. In fact; this must be an underestimate of 
the removal rate, as the implantation penetrates deeper with respect to 
the original surface as this surface is sputtered away. A more detailed 
knowledge of the precise shape of the ion distribution curve, and rather 
more complete analysis data would be required for a better estimate of the 
sputtering rate. The estimated rate is equivalent to the removal of 
3.75 i3of SiC, or approximately 2 SiC units, per incident ion. The number of 
atoms displaced per (di)nitrogen ion is about 200 (see 2.1.3), ie. 100 SiC 
units. Thus, for the observed sputtering rate, 2% of the displaced atoms 
escape the surface; this seems quite credible. 
Despite the above, all doses quoted later in this report will be 
those estimated from implantation rates, etc, and not estimated 
sputtering-corrected doses. This is because it is the implanting dose, 
rather than the final ion concentration, which is relevant to the actual 
preparation of the samples. If a knowledge of the actual dose is required, 
it can be estimated from fig~ 5. 1.2.1. 
The data above shows that within the dose range required for 
'mechanical effect' studies, sputtering can have a significant effect on 
ion concentration and surface finish. Extrapolation of fig. 5. 1.2. 1 
indicates that sputtering will cause saturation of implantation effects 
at doses >5 x10 18 cm-2. 
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REFEL Contrast and Implantation 
This type of contrast, observable in the secondary electron imageing 
of uncoated REFEL specimens by SEM, was first described by Sawyer and Page 
(1978). The original grit particles and the epitaxial SiC are clearly 
distinguishable ( see fig. 5:1:1.3). Sawyer and Page attributed this 
difference in secondary electron emission coefficients to the different 
impurity levels in the two materials, the impure original grit material 
having a large number of available electron-trapping states in the band 
gap. 
At doses lower than any used in this study, the effect of 
implantation on either the crystal structure or the impurity levels 
overwhelms the small purity differences that give rise to the 'REFEL 
contrast'. Fig. 5. 1:2.3a shows a secondary electron image of REFEL implanted 
to 1017N; cm-2; no contrast can be observed within the SiC phase. The 
effect is, however, shallow - the normal contrast can be observed in the 
bases of lateral fracture around indentations (see fig. 5.1.2.3b). 
5.1.3 Microhardness Testing of Nitrogen-implanted SiC Materials 
Microhardness tests were performed as described in section 4.4.1. A 
load range of 50-1 OOOg was used; on the single-crystal specimens the 
indenter (Vickers profile) was aligned with the growth facets so that one 
diagonal was parallel to <1120>. Five indentations were made at each load, 
and the resultant diagonal measurements analysed using the computer 
program described in section 4.4.1. The indentation fracture behaviour was 
also studied, and is described in section 5.1.4. 
The results are shown in figs: 5.1.3.1 (REF EL) and 5.1.3.2 (SiC). These 
comprise plots of (a) hardness at 1kg load, , (b) hardness normalised to a 
10pm indentation diagonal and ( c) Meyer index, against nominal dose. It can 
be seen that: 
i) The hardness variation with dose follows the same pattern in the 
single crystal and the reaction-bonded materials. 
ii) The 1kg hardness does not change significantly with dose of 
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FIGS. 5. 1.3. 1 Indentation size effect ( ISE) behaviour of 
nitrogen-implanted REFEL: (a) Hardness at 1kg load; (b) Hardness at 10f1m 
diagonal; (c) Meyer CISE) index. Note the surface softening above a dose of 
-4x1017N~ cm-2 . Error bars: (a),(b), 2cr; (c ), 3C5". 
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FIGS . 5.1.3.2 ISE behaviour of single crystal (0001) SiC: (a) Hardness at 
1kg load; (b) Hardness at 10fJm diagonal; (c) Me7er (ISE) index. Note s urface softening at doses greater than -4x10 1 N:!; cm- 2 . Error bars: 
( a ) , ( b ) , 2 0'; ( C ) 3 c:Y. '-
nitrogen. 
iii) The 10pm hardness decreases at doses greater than -4x1017N2 cm-2; 
This change in behaviour occurs over a narrow dose range. 
iv) The plot of Meyer index against dose shows that this parameter 
(which is derived from all the hardness data for each specimen) is a 
sensitive indicator of changes in hardness behaviour induced by 
implantation. 
The Meyer index change, from -1. 7 Clow dose) to -2. 1 (high dose) 
implies that the ISE behaviour has changed from the normal case of 
hardening with decreasing load to a softening with decreasing load (see 
also figs. 4.4.1.1 ) . The effect occurs at a 'critical dose' of 
-4x1017N; cm-2, and low dose specimens behave indistinguishably from 
zero-dose specimens in microhardness tests; The changes in indentation 
diagonal at low loads are quite marked, eg: 
Indentation diagonal at 50g load (~m) 
Dose (10 17N+ cm-2 ) 2 zero 8 
(0001) single crystal 4;4 ±o. 4 6.8 ±0;6 
REFEL 4.8 ±o.5 7.7 ±o. 7 
Implantation with nitrogen has dramatically changed the yielding and/or 
flow characteristics of silicon carbide. The effects observed are large, 
even though the 'plastic zone' associated with even the smallest 
indentation used is much deeper than the ion range. The plastic zone depth 
for a 10pm diagonal indentation in SiC is certainly at least 10pm (see 
micrographs of broken open indentations in section 5.1.4), and has been 
estimated by Lankford and Davidson (1979) to be -25pm. The peak ion range 
is approximately o; 3µm . These figures imply that either: 
i) The implantation-affected depth may be much greater than the 
projected ion range; 
or ii) The softening effect of the nitrogen within the thin implanted 
layer may be extremely large. 
Each of these two possibilities is considered in more detail below, and 
the microhardness results are also further discussed in 5.1.8 and chapter 
6. 
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i) Enhanced Range Effects 
TEM studies of silicon, in which a similar r ange distribution of 
1 OOkeV N2 would be expected , show that the thickness of the amorphised 
layer is -o.5µm (see 5.2.7). If it is assumed that the large change in 
hardness values for comparatively large indentations is due to an 
effective increase in implanted layer depth, several possible mechanisms 
exist for this: 
a) The small amount of nitrogen in the 'tail' of the ion distribution 
may be effective in altering the flow characteristics, possibly by 
electronic doping effects [ eg . Hirsch ( 1981) J. 
b) If the nucleation of yield mechanisms were easier in the implanted 
layer (ie. during the inital stages of indentation), this might be 
reflected in subsequent yield and flow behaviour. Since initiation of flow 
in the initial stages of sharp indentation is not difficult (see 3.2), such 
a mechanism is not likely to be effective unless the type of deformation 
behaviour is changed, eg. from (predominantly) dislocation flow to a phase 
change ( see section 5. 1.7). 
c) A mechanism could exist similar to that suggested by Dearnaley and 
Hartley (1978) whereby dislocation motion away from the surface carries 
implanted ions; by 'Cottrell atmosphere' drag, into the bulk. The 
experimental conditions (pin-on-disc wear tests) for which this mechanism 
was postulated, with its associated high surface temperatures and slow 
inward progress from the surface, are rather different from the 
low-temperature; high strain-rate conditions of the microhardness test, 
and so such processes would not be expected. Furthermore, the presence of 
Cottrell atmospheres of implanted nitrogen around dislocations would 
imply that a hardening effect should occur, whereas in fact the reverse 
effect is observed. 
ii) Large Property Changes 
If the softening effect of the implantation is confined to a thin 
layer, then a simple 'weighted mean hardness' approach (after Sargent 
(1979)) can yield approximate estimates of the hardness in the layer. The 
measured hardness is assumed to be the mean of the values for the bulk and 
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the layer, weighted by the volume of each in the plastic zone associated 
with the indentation: 
ie. 
H = (Himpvimp + 8bulkvbulk)/(Vimp + Vbulk) 
8imp = [(Vimp + Vbulk)H - 8bulkvbulk]/Vimp 
5. 1. 3a 
5.1~3b 
For a 10pm diagonal indenter, if . the plastic zone volume is taken to be 
that of a square pyramid of base side 10pm and height 10pm to 30pm, then 
Vimp=50pm3 and Vbulk=350-1000pm3~ For SiC at a dose of 8x10 17N2 cm-2, 
H1opm=2500, Hbulk=2700~ These give values of Himp between -1500 and 
1100 kgmm-2. The first of these values is clearly nonsensical; in fact the 
model is unreliable for a number of reasons: 
a) The indentation stress field is not uniform over the plastic zone, 
and so a simple weighting of yielded volumes is an over-simplification; 
b) Effects of work-hardening on flow stress are not taken into 
account; 
c) The implanted volume is not a simple homogenous layer in terms of 
structure or composition, and therefore probably not in its mechanical 
behaviour; 
d) The model is invalid for cases (such as here) where a very weak 
layer covers a very strong material. For example, in the limiting case of a 
material with a zero yield strength covering one of very high yield 
strength, no indentation would have a diagonal less than 1/7 of the layer 
thickness. Sargent ( 1982) has pointed out that this type of analysis, 
applied to the data for implanted SiC, implies a non-zero hardness for the 
implanted layer. Extrusion pile-up of the softer material may also 
complicate measurements. 
However, SEM and optical observations of indentations in REFEL and 
SiC implanted to high doses show that some pile-up has occurred (see figs. 
5.1.3.3 and 5.1.4.6). A close examination shows that this pile-up is of a 
thin surface layer which occasionally breaks· away from the substrate, and 
can be lost al together. At lower doses~ no such pile-up occurs, and the 
indentation edge is fractured ( see 5. 1.4 ( vi)). These observations are 
consistent with the existence, above the 'critical dose', of a thin, highly 
plastic surface layer . The incompatibility between the flow properties of 
this layer and those of the bulk is enough to cause them to separate in 
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10µm 
FlG 5.1.3.3 1kg indentation in SiC implanted to 8x1017N2 cm-2• SEM (secondary electron) image. Note pile-up and partial exfoliation of a thin 
surface layer. 
100µm 
FI G'.:; . 5.1.4.1 1kg indentations on REFEL: ( a) Un implanted; (b) 
? 1 10 17N2 cm-2 ; (c) 4x10 17N2 cm-2 ; (d) 8x10 17N2 cm-2 . Optical micrographs, 
r,r;la r i:1ed light. Note progressive reduction in lateral cracking with 
rr~r,;;;.,Jng dose . 
places. 
In summary, while the surface softening in these materials is 
substantial, and phenomenologically quantifiable by, eg., the Meyer index 
changes, no detailed conclusions can be drawn from the microhardness data 
alone regarding the yield and flow processes in the implanted layer. So as 
to examine the possible effects bf semiconductor-type doping on plastic 
flow, experiments were carried out using a different ion species, 
boron,(see 5.1.6). Also, the structures of implanted and/or deformed SiC 
were examined in the TEM (see 5.1.7). 
5.1.4 Indentation Fracture of Nitrogen-implanted SiC Materials 
Nitrogen implantation to high doses was found to have pronounced 
effects on the fracture behaviour of brittle solids ( see also 5.1.5, 5.2.3, 
5.2.4, 5.4.4; indentation fracture behaviour is described in section 3.2.2). 
The effects in the two SiC materials were similar; the incidence of 
'broken-out' lateral fracture was suppressed by implantation, while 
median/radial fracture was not noticeably affected; In the unimplanted 
state, both materials showed such fracture at loads greater than -1 OOg, The 
single crystal material ( 'Si C') showed less tendency than the REFEL to form 
lateral cracks around indentations. This is probably due to the alignment 
of easy (0001) fracture planes parallel to the surface, thus requiring 
stepping from one such plane to another for breakout to occur ( but see 
results in 5.1.6). In REFEL, the random alignment of fracture planes (both 
inter- and intra-granular) with the surface increases the likelihood of an 
easy fracture path being available for breakout. 
A variety of techniques were used to observe the fracture behaviour 
of these materials, and results are listed below: 
i) Visible lateral fracture became inc·reasingly suppressed as the 
dose increased from 1017 to -10 18N2 cm-2, as can be seen in figs. 5.1.4.1 
(REFEL) and 5.1.4.2 (Si C). At the highest doses, no such fracture can be 
seen. However, observation of the surface alone cannot distinguish easily 
between the cases of cracks being totally absent and cracks being present 
but failing to break out . 
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ii) Observation of unimplanted SiC by light microscopy showed 
subsurface lateral fracture as a 'halo' surrounding -2oog to 1kg 
indentations (see fig. 5.1.4.2a). The halo is split into four segments by 
the median/radial cracks; occasionally one segment of the halo is missing. 
Observation through crossed polars renders the halos more visible ( see 
figs. 5.1.4.3). These halos are not visible in heavily implanted samples. 
This may, however, be due to an implantation-induced change in the optical 
properties of the near-surface layer rather than to a change in the 
subsurface lateral fracture behaviour, particularly as halos are still not 
visible in the lower dose specimens where fracture still occasionally 
breaks out, and as it was observed that all implanted specimens had a 
higher reflectivity than unimplanted ones. 
iii) Observation by the Nomarski differential interference contrast 
technique can reveal the presence of subsurface ~acture by changes in 
surface tilts. This technique shows the suppression of such fracture in 
REFEL with increasing dose ( see figs. 5. 1.4.4) 
iv) Subsurface lateral fracture in SiC was also investigated by the 
technique of breaking open indentations ( see 4.4.2). Results from the 
examination of such specimens in the SEM are shown in figs. 5.1.4.5. 
Specimens used were of doses of zero, 4 and 6x1017N2 cm-2. It can be seen 
that: 
a) There is a progressive change in lateral crack type and 
occurrence as dose increases. In unimplanted specimens, lateral fracture 
is easily observed on both sides of the indentation, often at several 
levels, and occasionally breaks out into the surface. In the 
4x1017N2 cm-2specimen, there is usually at least one lateral crack 
visible; however, these normally propagate well below the surface, some 
actually being directed away from it~ In the 6x10 17N2 cm-2 specimen, very 
little lateral fracture can be seen at all. The observable cracks are all 
short and closely associated with the highly disturbed zone immediately 
beneath the indentation, and breakout does not occur. 
b) Samples of all doses show the 'classic' median/radial fracture 
patterns to some extent. However, some indentations show an obvious 
central penny-shaped crack, while in others there appear to have been 
separate crack nucleations on either side of the indenter. Both types show 
distinguishable extensions to the surface, probably occurring both on 
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FIGS. 5. 1.4.2 1kg indentations on SiC: ( a) Unimplanted; ( b) 6x 1 O 17 N2 cm-2; (c) 8x10 17N2 cm-2. Optical micrographs. Note obvious subsurface and 
broken-out lateral fracture in the unimplanted specimen, and lack of 
lateral fracture in the implanted specimens. Pile-up can be seen at the 
edges of the indentations in the implanted material. 
\ 
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\, .... .. 
.~ 100µm 
{a) 
FIG'.,;, 5. 1.4 .3 1kg indentation on unimplanted SiC. Optical micrographs: 
'aJ Unp0larised lig ht; (b) Polarised light. Note increased visibility of 
~r cubcurface late r al cr ac ks when viewed with polarised light. 
100µm 
FIGS. · 5. 1.4.4 Indentations on REFEL. Optical micrographs, Nomarski 
differential interference contrast: (a),(b) Unimplanted; (c),(d) Dose 
4x10 17N2 cm-2; (a),(c) 1kg i ndentations; (b),(d) 500g indentations. Note 
s uppression of subsurface lateral fracture in the implanted specimen. 
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FIGS. 5. 1.4.5 Broken-open 500g indentations in Si C. SEM ( secondary 
electron ) images: (a),(b),(c) Unimplanted; (d) 4x10 17N2 cm-2; (e),(f) F;x10 17N2 cm - 2 . Note increasing suppression of subsurface lateral fra c ture 
~ith increasi ng dose. The shapes of the median/radial cracks can also be 
<:1:n, as can circ um-ind e ntation cracking in (a),(b) and ( c), and pil e-up in 
r r, 1 and ( f). 
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unloading the indenter and during the breaking open of the specimen. 
c) A highly disturbed region underlies all indentations. No change 
in character of this region with dose is observable; however, details of 
the region's characteristics are not easily discernable. The localised 
linear features might be the remnants of fracture, localised shear or 
phase transformations, etc. and their appearance is probably altered to 
some extent by the breaking open of the specimen. 
v) Specimens of both materials implanted to doses greater than the 
critical dose for changes in microhardness behaviour (-4x1017N2 cm-2 ) 
showed evidence of pile-up around indentations. This is illustrated in 
fig. 5.1.3.3 and figs. 5. L4.6 and discussed in section 5.1.3~ 
vi) SEM examination of the surface around high load (500g,1kg) 
indentations in SiC often showed a type of fracture approximately parallel 
to the indentation edge and normal to the surface ( see figs. 5.1.4.6). The 
cracks lie along crystallographic directions; the surface intersections 
are parallel to <1120>. The crack planes are therefore of the form {1T01}, 
probably { 1 TOO}. These cracks are only observed around indentations in 
zero and low dose specimens. At higher doses the pile-up and exfoliation 
previously described occurs. 
Results from fracture in other implanted materials, particularly for 
boron-implanted silicon carbide (see 5.1.6) imply that indentation and 
scratch track fracture are chiefly influenced by the stress state 
introduced by implantation (see 2.2.3). This is discussed in more detail in 
section 5.1.8 and in chapter 6. 
5.1.5 Scratch tracks on Nitrogen-implanted SiC materials 
These tracks were made as described in section 4. 5.1. 90° diamond 
cones, and loads of 10, 20 and 50g were used. The tracks were aligned with 
the <1120> directions on the single crystal specimens (ie. parallel to the 
{ 1 TOO} growth facets); because of bearing looseness, etc. in the scratching 
equipment, alignment inaccuracies were probably up to -5°. For most of the 
scratching experiments ( including those in 5.1.6 and 5.2.4), only six fresh, 
sharp cones were available. Consequently, to ensure consistency of results, 
the usage of each cone was recorded and the tip sharpness frequently 
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FIGS. 5.1.4. 6 SEM stereo pairs (30°& 40° tilts). 1kg indentations on SiC: 
( a ) Dose 6 x1017N2 cm-2 ; (b) Unimplanted. Note pile-up in (a) , and 
-:i r c umferential and lateral cracking in (b). 
examined, After each short series of tests on implanted material, a track 
was made on unimplanted material, so that the effect of cone blunting on 
track morphology could be distinguished from the effects of implantation. 
Consistent differences between the behaviour of implanted and unimplanted 
SiC were seen (see below) once the initial extreme sharpness of the cones 
had worn off; this occurred after the cones had made about 1/2 mm of track 
on SiC, during which all samples showed large amounts of chipping fracture. 
Tracks were examined by light microscopy and SEM. Debris was removed 
from the tracks using Bioden RFA replicating plastic. The replicas were 
examined optically; attempts to examine the debris in the TEM using a two 
stage carbon replica technique were unsuccessful in the limited time 
available. Some scratched specimens were back-thinned ( see 4.6.1) and 
examined in the TEM; results from such specimens are reported in section 
5.1.7~ 
Scratch tracks on single crystal SiC were made on specimens covering 
a dose range of 0-6x10 17N2 cm-2• Sideways chipping fracture was found to 
be suppressed in all the implanted samples (minimum dose 2x1o 17N2 cm-2 ) at 
all loads used (10-100g). Even with a very blunt cone, loads as low as 10g 
produced extensive chipping on unimplanted samples. Typical results are 
shown in figs. 5.1.5.1. Where chipping is suppressed, the essentially 
plastic nature of the groove left by the cone can be seen. The track widths 
appear to be the same (5-7pm for 1 Og loads) for both implanted and 
unimplanted samples, but it is difficult to measure the track widths on 
the highly fractured unimplanted samples accurately. 
Because of the limited number of cones available, only a small 
number of tracks were made on REFEL. Specimens used were of doses of zero, 
1 and 8x10 17N2 cm-2. As with the single crystal material, the unimplanted 
sample was used as a reference for checking the effects of cone blunting: 
Tracks on the low dose specimen showed almost no chipping, even at high 
loads and with relatively sharp diamonds. For the high dose specimen, 
chipping was similarly absent. Tracks on the unimplanted material showed 
large amounts of chipping, even at low loads and with blunt diamonds. 
Typical tracks are shown in figs. 5. 1.5.2. Measurement of track widths 
showed the zero and low dose specimens to have track widths of -3µm at 10g 
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FIGS. 5.1.5. 1 (a)-(d) Single-point scratch tracks in unimplanted SiC: (a) 
'Jpt1cal microgra ph, 10g load; (b) SEM (secondary electron) image, 10g load; 
r r~; SEM stereo pair (30°& 40° tilts), 10g load; (d) SEM ( secondary 
, ,w;tron) image ,- 100g load. Note substantial chipping at both loads. 
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FIGS. 5.1.5.1 (e)-(h) Single-point scratch tracks on implanted SiC: 
(e),(f) Dose 2x10 17N2 cm-2 (optical micrographs); (g),(h) Dose 
3x10 17N2 cm-2 (SEM (secondary electron) images). Loads: (e) 10g; (f) 20g 
and 50g (upper); (g) 10g; (h) 100g. Note lack of lateral chipping at all 
loads, and the plastic appearance of the wear tracks and debris. 
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FIGS. 5.1.5.1 (i)- {l) Single-point scratch tracks in implanted Sic, dose 
6x10 17N2 an-2. SEM (secondary electron) images: (i) 10g load; (j) 20g load; (k) 20g load, stereo pair (30°& 40° tilts); (1) 30g load. Note absence of 
~hipping at all loads and the plastic appearance of the ·wear tracks and 
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FIGS .. 5. 1.5.2 (a),( b) Single-point scratch track ( 1 Og load) in unimplanted 
REFEL. SEM (secondary electron) images: (b) stereo pair (30°& 40° tilts) 
of central area of (a). Note trans- and inter-granular chipping. 
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FI GS. 5.1.5.2(c)-(e) Single-point scratch tracks in implanted HEFEL. SEM 
( secondar y electron) images: (c) Dose 1017 N2 cm-2 , 50g, 20g and 10g loads; 
(d) ,( e ) Dose 8x1017N2 cm- 2 , 10g load. (e) is stereo pair (30°& 40° tilts) 
of central area of (d).Note almost complete suppression of chipping even 
at low dose and high load. 
load, as opposed to -6pm on the high dose specimen. Since both the 
implanted specimens behaved similarly as regards near-track fracture~ this 
indicates that the softening caused by implantation is not very 
significant in altering the fracture behaviour of the material (see also 
5.1.6). 
5.1.6 Effects of Boron Implantation on SiC 
A range of specimens of single crystal SiC was prepared (see 4.1.3) 
with doses between 2 and 16x1o17B+cm-2. The accelerating voltage used was 
40kV, and the ion flux chosen to be the equivalent of that in the 
nitrogen-implanted samples, ie; 10pA cm-2• If the beam of 80kV N2 is 
considered as twice the flux of 40kV N0.5+, it will be seen that the 
conditions of implantation are the same in both cases. The N and B atoms 
differ in atomic number by only 2; and in atomic mass by 3 Dal tons. The 
final characteristics of the implanted layer would therefore be expected 
to be similar in both cases, the only differences being: 
i) N is an n-dopant in SiC and Ba p-dopant; 
ii) N is thought to stabilise the i3; and B the ex, form of Si C. ( see 5.1 .1.i ) 
The specimens were tested in similar ways to those implanted with nitrogen 
ie. by microhardness testing, SEM and optical observation of 
indentations and scratch tracks, and by TEM examination of scratched 
specimens. 
i) Results of Microhardness Tests 
The load range used was 50-500g, as the samples were too thin to 
withstand 1kg loads. The data were analysed by the program described in 
section 4.4.1. Results of these analyses are shown in figs. 5.1.6.1. It can 
be seen that neither the 10pm hardnes,s nor the Meyer index change 
significantly over the dose range used. 
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FIGS . 5.1.6.1 ISE behaviour of boron-implanted SiC: (a) Hardn ess at 10)-lm 
diagonal (2<Y erorr bars); (b) Meyer index (3<Y erro r bars). No signifi ca nt 
cha nge in behaviour occurs with increasing dose. 
ii) Optical and SEM examination of Indentations 
No lateral breakout was observed in the 16x1017B+cm-2 specimens, 
and only a little around indentations on the 8x1017s+cm-2 specimens (see 
figs. 5.1.6.2) The appearance of the indentations on the lower dose 
specimens was not photographed immediately they were performed, and after 
an interval of about 4 months, a type of corrosive attack of the surface 
was noticed, which obscured the near-indentation topography. This effect 
is described at the end of this section. 
SEM examination of the high dose specimens showed no pile-up or 
'extrusion' of the type noted in the nitrogen-implanted samples. The 
cracking near to and parallel to the indentation edges appeared somewhat, 
but not totally, suppressed at these high doses. The indentations appeared 
slightly 'pin-cushioned' compared to indentations on unimplanted material 
( see fig. 5.1~6;2c, d); Signs of sputtering were visible on the sample 
surfaces of roughly the same severity as those on equivalently dosed 
N2 samples. 
In order to investigate the possible existence of subsurface 
lateral cracks in the high dose specimens, a broken-open specimen of 500g 
indentations on 16x1017s+cm-2 material was prepared, and examined in the 
SEM. Some typical results are shown in figs. 5. 1.6.3; It appears that the 
plane of the specimen's surface was cut slightly inclined to the (0001) 
plane, since all lateral fractures visible beneath the surface were tilted 
at about 10° to it. This was quite useful, since it can be seen that the 
downward arm of the lateral cracks (which were found beneath all 
indentations) extend to some distance away from the indentations, whereas 
the upward cracks stop, or in some cases are diverted, as they approach the 
surface. This indicates that there is some property of the implanted layer 
which tends to prevent cracks from approaching it. Since the influence 
seems to be effective -3pm beneath the' surface, it is likely to be 
associated with the implantation-induced stress field rather than with 
the surface microstructure. 
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FIGS. 5.1.6.2 1kg indentations on boron-implanted Si C. SEM ( secondary 
electron) images: (a),(b) Dose 8x1o 17a+ cm-2 ; (c),(d) Dose 16x10 17a+ cm-2. 
Note suppression of lateral fracture at the highest dose. 
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FIGS. 5. 1.6.3 Broken-open 500g indentations on boron-implanted SiC, dose 
16 x10 1713+ cm-2. The (0001) fracture plane appears to be inclined by 
-10° to the surface. Note the stopping or diversion of the upward arms of 
t he cracks. 
iii) Scratch tracks in Boron-implanted SiC 
Tracks using 90° diamond cones were made on the high dose specimens, 
and on a clear area of the 2x10 17B+cm-2 specimen. Again, an unimplanted 
sample of SiC was used as a reference to check the sharpness of the cone. 
Loads of 10; 20 and 50g were used: On all the implanted specimens, all 
tracks appeared as purely plastic grooves; vitually no chipping was seen 
at any load or dose~ The zero-dose reference sample showed chipped tracks 
at all stages of the tests.· Typical results are shown in figs. 5;1:6.4. These 
results imply that the softening of the surface for the N2 implanted 
samples is not responsible for the suppression of chipping fracture. 
Further investigation of the scratch tracks was carried out by examining a 
TEM specimen made by back-thinning into a scratch track in a high dose 
specimen; results are reported in section 5.1:7. 
iv) Pitting of Boron-implanted surfaces 
This effect was noticed in the low dose (<6x10 17B+cm-2 ) specimens 
after about 3 months, when the pit ting had become rather heavy; and in the 
high dose specimens only 3 weeks after implantation. The pits were 
particularly spectacular on the 4x1o 17B+cm-2 specimen, but all the pits on 
all the specimens showed the same general features: Typical pits are shown 
in figs. 5:1.6.5. It can be seen that: 
a) The pits lie in lines following <1120> directions ( ie: parallel to 
the crystal habit planes) (fig; 5.1.6.5a); 
b) The pits themselves are crystallographically shaped; appearing 
most often as 30° 'arrowheads' ( figs. 5.1.6.5a and d); 
c) The pitting severity varies sharply from one side of a 
crystallographically oriented boundary to another ( figs. 5;1.6:5b and c); 
d) Occa sional lumps are visible on the surface; of the same 
orientation as the pits ( fig. 5.1.6.5d). These are possibly an early stage 
in the formation of the pits; 
e) Such pits are not observed on N2 implanted SiC of any dose or age~ 
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FIGS. 5.1.6.4 Single-point scratch tracks on boron- impl anted SiC. SEM 
(secondary electron) images: (a) Dose 2x1017B+ cm- 2, 10g, 20g and 50g 
loads; (b) dose 2x10170+ cm- 2 , 10g load (stereo 'pair (30°& 40° tilts)); Cc) 
Dose 8x1017B+ cm-2 , 10g load; (d) Dose 8x1017B+ cm- 2 , 50g load; (e) Dose 
16x1o 17B+ cm-2 , 10g and 20g loads; (f) Dose 16x10 17 B+ cm-2 , 50g load. Note 
absence of chipping at all doses and loads. In (a), the pitting shown in 
fig11. 5.1.6.5 can be seen. 
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FIGS. 5.1.6.5 Pitting of boron-implanted SiC, dose 4x1017B+ cm-2 . SEM 
(secondary electron) images: (a} Pits have 'arrowhead' shapes; (b) Severity 
r;f pitting varies across a sub-crystal boundary; (c) Pits are 
•rystallographicall y oriented; (d) Possibly an early· stage in pit 
f0rmati0n (stereo pair (30°& 40° tilts)). 
It is rather surprising that these pits form on boron- rather than 
nitrogen-implanted surfaces, since p-type dopants ( such as boron) have 
been found to inhibit oxidation (Jepps and Page (1981)]; and n-type 
dopants to enhance it~ Possibly the effect is not due to oxidation, but in 
any case its cause is so far obscure. The pitting does seem to have a 
strong crystallographic dependency, since the rate varies substantially in 
the crystal which appears to be divided by a sub-grain boundary ( (c) 
above). 
5.1:7 T.E.M: Examination of Implanted SiC 
Initially, plan-view specimens of nitrogen-implanted SiC were 
prepared (see 4~6:1 ). Within the usable thickness of material, all 
implanted specimens were found to be microcrystalline; producing 
diffraction patterns consisting of well-defined rings ( see figs. 5:1. 7. L). 
Dark-field images taken from any of the rings illuminated discrete 
microcrystals, of -1000~ diameter. No differences in diffraction patterns 
were found between specimens above and below the 'critical dose' of 
-4x10 17N2 cm-2. 
In order to investigate further the possible differences between 
implanted and unimplanted SiC samples, in particular in their response to 
deformation; plan-view specimens were prepared from material scratched as 
described in sections 4:5.1 and 5.1.-5. A blunt diamond was used, at a load of 
1 og: The thinning of the specimens was stopped when the hole thus produced 
intercepted the base of the scratch track. Specimens were successfully 
prepared only of zero and 8x10 17N2 cm-2 dose specimens. Results are 
illustrated in figs. 5.1. 7.2 (unimplanted) and 5.1. 7.3 (8x1017N2 cm-2 ): For 
the zero dose specimen note that: 
i) Both the sub-track and normal material give diffraction patterns 
characteristic of hexagonal SiC ( figs: 5.-1. 7.2a and b); 
ii) Diffraction patterns taken from material close to the track show 
spot smearing, due to the high degree of deformation in this region (fig. 
5:1.1:2b); 
iii) The details of the deformation mechanism beneath the track are not 
resolvable ( fig. 5.1. 7.2c). The region appears highly disturbed.-
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FIGS. 5.1 .7. 1 Plan-view TEM of nitrogen-implanted SiC: (a) DP from 
specimen of dose 3x10 17N2 cm-2; (b) DP from specimen of dose 6x1 017N2 cm- 2; (c} ,(d) Dose 6x10 17N2 cm-2, DF images using different parts 
of t he outer ring . Note microcrystalline structure. 
(a) (b) 
FIGS. 5. 1. 7 .2 Plan-view TEM of scratched ( 1 Og) u'nimplanted SiC: (a) DP 
from outsid~ the scratched area; (b) Diffraction pattern from the 
scratched are. Note structure is still hexagonal, and near the original 
orientation. ( c) Edge of the scratch, BF image. 
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For the high dose specimen, somewhat different results were found, 
in particular: 
iv) Diffraction patterns produced from the sub-track area ( the only 
area on this specimen thin enough to transmit electrons) were 
characteristic of cubic material ( figs. 5.1.7.3a and b); 
v) Spot streaking and rotation, similar to that described in ( iii) 
above, can be seen. Use of different 'subspots' to form dark-field images 
showed small regions of slightly differing orientation ( see fig. 5. 1. 7.3c, 
d); 
vi) The cubic material observed was all close to a single orientation; 
however, as no diffraction patterns could be obtained from the 
non-scratched part of the specimen, the orientation relationship between 
the new cubic phase and the old hexagonal one could not be determined. 
It was initially thought that the phase-change was due to the 
~-stabilising effect of the implanted nitrogen, so that heavy deformation 
of nitrogen-doped non-crystalline SiC would tend to produce this phase 
rather than ~-Sic: It was also thought that the phase change might act to 
relieve stress and so account for the softening observed in the 
microhardness tests ( see 5.1.3). To investigate these possibilities, a 
sample of borbn-implanted and scratched SiC was prepared (dose 
16x1017s+cm-2 ): Since boron-implanted SiC shows no change in its 
microhardness behaviour with dose, it was expected that the microstructure 
near the scratch would be similar to that of unimplanted SiC. However, the 
transformation to the cubic form was also observed in this specimen ( see 
figs. 5.1.7.4). 
It therefore appears that the supposed ~/~ stabilising effects of 
boron and nitrogen have less effect on the final crystalline form produced 
by deformation of metastable non-crystalline Si C than simply the low 
temperature stability of ~-SiC compared to ~-SiC. The phase change alone 
does not have any effect on microhardness behaviour, since boron and 
nitrogen-implanted SiC behave differently in this respect (see 5.1.3, 
5.1.6). Al though the microstructures of the as-implanted materials were not 
resolved in these observations, the similarity of the masses of boron and 
nitrogen, and the equivalence of the implantation conditions used, would 
imply that the physical effects of implantation on the surface ( see 2:1, 
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FIGS. 5.1.7. 3 Plan-view TEM of scratched (10g) 8x10 17N2 cm-2 SiC: (a) DP 
and Ki ku chi lines from scratched area; (b) DP from different area of 
scratch; (c) GDF i mages using different ends of the streaked spot mar ked 
i n (b). DPs correspond to {100 } cubic. 
Figs. (c) a nd (d) indicate that the only electron-transparent 
parts of the foil edge are cubic, though with s light orientation 
va riations . 
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FIGS. 5.1.7.4 Plan-view TEM of scratched ( 10g) 16x10 17s+ cm-2 SiC: (a) DP 
from unscratched area; (b) DP from edge of scratch:- principal spots are 
! 110) cubic; (c) DP from scratch:- pattern is [ 100) cubic. 
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2.2) should be nearly identical. However, examination of the diffraction 
patterns from the two specimens ( figs. 5.1. 7.3a, b and 5.1.7~4a) shows that 
the structures are not identical. Measurement of the patterns gives the 
(approximate) interplanar spacings corresponding to the various rings: 
Nitrogen-implanted: 3~08, 2.45, 1.73, 1.40 , 1.22, 1.08, 0.99 ~ 
Boron-implanted: 2.53, 2;18, L83, 1.29, 1.09, 0.82 ~ 
Some of these spacings can be identified with various lengths in the SiC 
unit tetrahedron (3~08, 2.45/2.53, 1.08/1.09, 1.83 ~) and some with the 
interplanar spacings of SiC phases (eg. 2.18 ~ may be (002) in ~-SiC). 
However, no definite conclusions can be drawn about the polytype mixes in 
the differently implanted specimens, except that they appear to differ. 
However, the microstructures of the nitrogen- and boron-implanted SiC 
after deformation appear identical. It is therefore probable that the 
differences in the microhardness behaviour of boron-implanted and 
nitrogen-implanted SiC are probably due to their different characters as 
electronic dopants; by a mechanism similar to that proposed by Hirsch 
( 1 981 ) • 
5.1.8 Summary and Discussion of Results on Implanted SiC 
A brief summary of the results presented above is given below: 
i) Implantation with nitrogen to above a critic al dose of 
-3-4x10 17N2 cm-2 changes the microhardness behaviour, in that a softening 
is observed at low loads. Boron-implantation, up to a dose of 
16x1017B+cm-2, does not significantly change the micro.hardness behaviour. 
ii) Lateral fracture is suppressed around indentations in high dose 
samples (both boron and nitrogen-implanted). In the boron-implanted 
samples it is only the breakout that is suppressed; in nitrogen-implanted 
samples the nucleation of the cracks also appears suppressed at the 
highest doses. 
iii) Pile-up and a consequent exfoliation is observed around 
indentations in high-dose nitrogen-implanted SiC, but is not seen in 
boron-implanted Si C. 
iv) The occurrence of the circumferential cracking observed around 
unimplanted indentations becomes reduced with increasing dose of boron or 
nitrogen. In nitrogen-implanted samples the cracking is eliminated, and 
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effect (iii) above occurs, above the critical dose. Indentations in high 
dose specimens (both ion species) showed a small amount of pin-cushioning. 
v) Even the lowest doses of boron or nitrogen produced marked changes 
in the form of diamond cone scratch tracks. Chipping fracture was 
eliminated under all but the most severe scratching conditions, and the 
tracks appeared as plastically deformed grooves. 
vi) TEM examination showed that a transformation to the cubic form 
(~-SiC) from microcrystalline material occurred beneath scratch tracks in 
SiC implanted with boron or nitrogen. Similarly scratched unimplanted 
material remained hexagonal, though highly deformed. 
From the above it may be deduced that: 
i) The softening observed in nitrogen-implanted SiC cannot be caused 
by the observed phase change, nor by any purely physical effects of ion 
'stuffing'. 
ii) The only simple difference between boron and nitrogen is their 
opposite semiconductor doping effects. Mechanisms such as that due to 
Hirsch ( 1981) could therefore be the cause of the softening in the 
nitrogen-implanted SiC. 
iii) The surface stress state (see 2.2.3) is the probable cause of the 
suppression of lateral breakout on implanted SiC. In nitrogen-implanted 
SiC, the additional reduced nucleation of the cracks is possibly connected 
with the softening effect of the implantation, perhaps by aiding blunting 
of crack nuclei. The surface stresses are also the probable cause of the 
pin-cushioning of indentations in high-dose specimens, by promoting 
elastic recovery. 
iv) The changes in scratch track topography in implanted SiC are not 
primarily connected with surface softening, as the effect is the same for 
both boron- -and nitrogen-implanted material. The suppression of chipping 
by surface stresses, as for indentation fracture, is the 1 ikely 
controlling effect. 
v) ~-SiC seems to be the low temperature stable state of SiC, and the 
presence of supposedly a-stablising nitrogen in large amounts does not 
affect this. 
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Unexplained observations include: 
i) The existence (and magnitude) of the critical dose for 
microhardness effects in nitrogen-implanted SiC. If the softening effect 
is due to the influence of semiconductor doping on dislocation mobility, 
then the very high level of nitrogen implanted at the critical dose (a 
30-50% solution, at peak) would impl~r that either the proportion of 
electically active nitrogen is very small, or that the nitrogen has to be 
present in some quantity at a large depth in the sample to have an effect. 
ii) The pitting attack observed on boron-implanted SiC. 
All these results are discussed in relation to results from other 
materials in chapter 6. 
5.2 Experiments with Nitrogen-implanted Silicon 
5.2.1 Materials Description 
Silicon is a covalent material with a cubic F lattice (a:5.43~) and 
the diamond structure. Large single crystals of dislocation-free material 
with controlled impurity levels in the ppm range are readily available, 
because of its widespread use as the matrix for semiconductor devices. 
Interest in the possibilities of doping silicon by implantation for device 
use has initiated a great deal of research into the effects of 
implantation on the electronic properties of silicon and other 
semiconductors, as outlined in section 2.2.1. Most of this research has 
been concerned with doses much lower than those used here (typically 1014-
1015ions cm-2 ). 
The slip systems in silicon have been ' found to be {111}<1TO> [Hill 
and Rowcliffe ( 1974) ] . Dislocation motion in silicon and other diamond 
structure semiconductors has been reviewed by Alexander and Haasen (1968). 
At low temperatures their motion is controlled by the nucleation and 
propagation of kinks; dislocation velocity is known to be greater in 
n-type and p- type than in intrinsic silicon [George and Champier ( 1979) ]. 
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Mechanisms for such effects have been proposed, by eg. Hirsch 
(1979),(1981 ), and their influence on hardness behaviour is the subject of 
current research [Roberts ( 1982) J. It has been suggested that non-slip 
deformation mechanisms may act, at least transiently, beneath a moving 
indenter in silicon. These include: 
i) Pressure-induced transition to a metallic phase [Gridneva et al. 
(1972)], [Sargent (1979)]; 
ii) Twinning [Eremenko and Nikitenko (1972)]; 
iii) Block shear [Sawyer et al. (1980)]. 
Studies of the motion of dislocations in silicon at high 
temperatures have been performed by indentation dislocation rosette 
etching [Hu (1973)]; and by TEM observation [eg. Louchet (1981)]. Hu and 
Schwenker (1978) found a hardening effect after the implantation of boron 
or arsenic into silicon; however their results were from specimens of much 
lower doses than those used here c-10 16 ions cm-2 ), and were obtained at 
high temperatures c-6oo 0 c): The behaviour of silicon under conditions of 
abrasion and polishing has been studied using TEM by Stickler and Booker 
( 1962). They observed dislocations beneath fine diamond tracks,and 
sub-track cracking under harsher conditions. 
The indentation fracture behaviour of silicon has been studied by 
Lawn and others [eg. Lawn et al. (1981)], who found the median crack span to 
be proportional to the applied load to the power 2 /3. Naylor ( 1982) 
investigated the variation of the indentation fracture behaviour of 
silicon with temperature up to 1000°c. In particular, he found the critical 
load for fracture (p*) of silicon to be 0.005N at room temperature, and 
Kic to be 0.5 MPam 112 : Silicon is thus an extremely brittle material. The 
preferred crack planes are {110}, {111} and possibly {100} [Naylor 
(1982)]. Crack tip microstructures have been investigated by TEM by Lawn 
et al. (1980); no evidence of crack tip plasticity was found. 
The material used here was n-type semiconductor grade silicon, 
conductivity 4-8 ohm cm. The silicon was supplied in the form of 3 inch 
diameter {001} wafers, with a good surface polish, by Texas Instruments 
Ltd. (UK). Specimens were cleaved from the wafers and implanted using the 
'Pimento' machine (see 4.1.1). The maximum dose used was 8x1017N2 cm-2 ; 
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Implanted specimens showed surface colours, similar to those described by 
Bean land and Chivers ( 1978) , due to the interference effects between 
near-surface layers of amorphous and crystalline silicon. 
5.2.2 Microhardness tests on Nitrogen-implanted Silicon 
The testing technique was that described in section 4.4.1. 
Indentations were aligned so that the diagonals lay parallel to the <110> 
cleavage directions. The load range used was 25-1000g, giving a range in 
indentation diagonal from -5 to -5oµm ; Results are shown in figs. 5;2.2; 1, 
consisting of plots of 1kg hardness, 10µm hardness and Meyer index with 
dose. It can be seen that there is a surface softening effect above a 
'critical dose' of -4x10 17N2 cm-2• This is similar to the critical dose in 
the SiC materials, described in section 5.1.3. Note that in the case of 
silicon, the Meyer index rises with increasing dose, but does not exceed a 
value of 2 (unlike the SiC materials). The softening effect of the 
implantation is a softening relative to an equivalently sized indentation 
on unimplanted silicon; the combination of this softening with the normal 
ISE behaviour produces the observed final Meyer index. Typical low load 
diagonal sizes are: 
Load 
50g 
25g 
Zero 
9.4 
6. 1 
Diagonal 
dose 
±o.4 
±0.3 
(um) 
I 
Dose 8x10 17N+ cm-2 2 
10. 1 ±o.4 
7;0 ±o. 3 
(errors are ±2~. as determined by the ISEMH program (see 4.1.1)) 
Three data sets at the 4x10 17N2 cm-2 dose were taken from three 
different areas on the specimen, which was one implanted before the 
necessity for specimen rotation for dose uniformity was realised. The 
variation in the results for these areas implies that the 'step' in 
hardness behaviour occurs over a dose ra'nge less than that of the 
variation on this specimen. 
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at 1k g load ; ( b ) Hardnes s at 10um di ago nal ; Cc) Me ye r CISE ) i nd ex. Note 
surface softens at dose -4x10 17Ni cm-2 . Er ror ba r s: (a),(b) 2o; (c) 36". 
5.2.3 Indentation Fracture in Nitrogen-implanted Silicon 
Figs. 5.2.3. 1 show optical micrographs of high load indentations in 
silicon specimens of increasing dose up 8x10 17N2 cm-2. It can be seen that 
the incidence of visible lateral fracture at these loads is progressively 
reduced with increasing dose; at a dose of 8x1017N2 cm-2 it is almost 
completely absent. 
Subsurface crack geometry was investigated by breaking open 
indented specimens ( see 4.4:2). Specimens were made using 500g indentations 
in material of doses zero and 8x10 17N2 cm-2, and were examined in the SEM. 
Typical results are shown in figs. 5;2;3;2. It can be seen that extensive 
subsurface lateral cracking is present in both the implanted and the 
unimplanted material, but that there is less breakout in the implanted 
case. 
The median/radial crack lengths were measured on all specimens. The 
span of this type of crack was found not to change with dose. The combined 
data are shown in fig. 5.2.3;3; the crack length was found to vary with 
indentation load according to the relation: 
c = AL 0,77 ::!:0.03 
[c = crack span, including indentation diagonal, 
L = indenting load, A = a constant] 
5.2.4 Scratch Tracks on Nitrogen-implanted Silicon 
Tracks were made at 10g and 20g loads along near-<110> directions 
using a blunt 90° diamond stylus , as described in section 4.5. L Stylus 
blunting was checked by making frequent reference tracks on an unimplanted 
specimen. Results are shown in figs. 5.2.4.1. ,It can be seen that debris 
production and sideways chipping fracture are suppressed i n al 1 the 
implanted specimens at both loads. Some fracture occurred around the 20g 
track on the 4x1017N+ cm-2 dose specimen ; this result seems rather . 2 
anomalous compared to the overall trend of fracture behaviour with dose : 
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FIGS. 5.2.3.1 Lateral fracture in implanted silicon. Optical micrographs: 
(a) Unimplanted; (b) 2x 1o 17N2 cm-2 ; (c) 4x10 17N2 cm-2; (d) 8x10 17N2 cm-2 
Indentations shown are at loads 1kg, 500g, 30qg and 200g. Note progressive 
reduction in visible lateral fracture with increasing dose. 
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FIGS. 5.2.3.2 Lateral fracture in silicon, broken- open specimens, 500g 
indentations: ( a)-(c) ·unimplanted; (d)-(f) dose 8x1017N2 cm-2 SEM images, 
all secondary electron except (f), backscattered electron image (annular 
Jet1;ctor), of same area as (e).Note that in implanted silicon, lateral 
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FIGS. 5.2.4.1 Scratch tracks in silicon, 10g and 20g loads. OFtical 
micrographs. Doses: ( a) zero; (b) 10 17N~ cm-2; (c) 2x10 17N2 cm- ; (d) 
4x1017Nz cm-2; (e) 8x10 17N2 cm-2. Note the suppression of chipping 
fracture even at a dose of 10 17N~ cm-2• The tracks in (d) seem rather 
anomalous. 
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SEM examination revealed more details of the crack morphologies 
( see fig. 5.2.4.2). Chipping fracture is evident around all tracks in the 
unimplanted specimen. Fracture is much reduced around the tracks on 
implanted silicon, allowing the central plastically formed groove to be 
easily seen. 
A back-thinned TEM specimen was prepared from a 10g scratch track in 
8x1017N2 cm-2 dosed silicon ( see 4.6.1): Results are shown in figs: 5.2.4:3. 
A high density of dislocations can be seen around the base of the track, 
where the material was crystalline cubic silicon. Several attempts were 
made to prepare similar specimens from unimplanted silicon, but all 
specimens produced proved too thick to transmit electrons at the track 
base, probably because of the steeply sloping track sides. 
5.2.5 Laser-annealed Nitrogen-implanted Silicon 
Laser annealing is a technique used in semiconductor research to 
remove implantation damage and electrically activate the implanted dopant 
(see 2.2.1). It was thought that such annealing of the implanted materials 
used here, so as to produce heavily doped but crystalline and stress-free 
surfaces, followed by microhardness testing, etc. would help to elucidate 
which of the many effects of implantation (see 2.2) produce the changes in 
mechanical behaviour that are the subject of this thesis. Specimens of 
8x1017N~ cm-2 silicon were laser-annealed by the Engineering Laboratory 
( Cambridge University) and RSRE Malvern. Examination of the annealed 
surfaces showed that at the energy densities used to anneal 
silicon~implanted for semiconductor applications (0.5-1 Jcm-2, pulse 
length -3ons), the original surface was removed to a depth of -112pm ( see 
fig. 5.2.5.1 ). No further experiments of this type were carried out, since 
insufficient time was available to determine whether suitable annealing 
conditions could be found . 
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FIGS. 5.2.4.2 10g scratch tracks on silicon: (a) Unimplanted; (b) 
8x1017N2 cm-2• SEM (secondary electron) images. Note extensive chipping 
around unimplanted track, suppressed in implanted material. 
0-Sµm 
FIGS. 5.2.4.3 TEM images of base of 10g scratch track in unimplanted 
silicon: (a) BF; (b) WBDF (~=200, -~ imaging). Both micrographs show the 
same area. Note high dislocation densities. 
10µm 
FIG. 5.2.5.1 SEM stereo pair ( secondary electron, 30°& 40° tilts) of edge 
o f laser-'annealed' area. The surface has been stripped to a depth o f 
0.5-1pm. Specimen was originally of dose 8x10
17N2 cm-2 . 
u 
FIGS. 5.2.6.1 SEM selected area chanellin'g patterns, 40kV, from silicon 
specimens: (a) Unimplanted silicon, [001] pole; (b) as (a), but at edge of 
the implanted region (dose 10 15ions cm-2 ). The slight movement of the spot (%) 
with rocking traverses the boundary between implanted .( and unimplanted cv) 
m~terial. The implanted silicon is non-crystalline at ~he surface. 
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5.2.6 Electron Channelling Patterns from Implanted Silicon 
Attempts were made to obtain electron channelling patterns [Joy and 
Newbury (1977)], [Schulson and Marsden (1975)] from silicon wafers 
implanted to doses greater than 1017N2 cm-2; no patterns could be 
obtained. A low dose wafer; implanted to doses of zero, 1015, 5x10 15, 
1016 and 5x10 16N2 cm-2 was prepared, but channelling patterns could be 
obtained only from the unimplanted section. Results are shown in figs. 
5.2.6.1. These results confirm that the surfaces of these samples are made 
non-crystalline (see 2.2.1) at doses much lower than those at which changes 
in the mechanical properties occur. 
5.2.7 TEM Examination of Abraded Silicon 
Specimens covering the dose range 0-8x10 17N2 cm-2 were prepared by 
abrasion with 6pm diamond paste as described in section 4.5.2. Thin foils 
were prepared from these, both by back thinning ( see 4.6. 1) and by the 
cross-sectioning technique described in section 4.6.2. Foils were examined 
in a JEM 200 TEM. 
Typical results from back thinned foils are shown in figs. 5.2. 7. 1 
and 5.2. 7.2. It can be seen that: 
i) In the unimplanted material (figs. 5.2.7.1 ), fairly sparse arrays of 
dislocations are visible beneath the scratch tracks from individual 
diamond grits; 
ii) In the implanted specimens (figs. 5.2~7.2), areas thin enough to be 
transparent are amorphous. Scratch tracks lie completely within this 
amorphous layer and no deformation structures can be seen. 
Only a limited number of cross-sectional specimens were 
successfully prepared, owing to the difficulty of the technique. Useful 
specimens were made of : 
i) unimplanted abraded against implanted abraded; 
ii) unimpl~nted abraded against unimplanted unabraded; 
,v·, llll 
iii) unimplanted ).abraded against implanted).abraded; 
119 
1µm 
FIGS. 5.2.7.1 Unimplanted silicon specimen abraded with 6pm diamond 
paste. TEM micrographs: (a) DP; (b) BF; (c) WBDF (_g=022, -_g imaging); (d) 
il'BDF (_e=02 2, -_s imaging), 
1 µrn 
FIGS . 5.2.7.1 Unimplanted silicon spe
cimen ab~aded with 6pm diamond 
paste. TEM micrographs: (a) DP; (b) BF; (c) WBD
F (15=022, -15 imaging); (d) 
·~F:,DF (~=022, -] imaging). 
10µm 
1µm 
1µm 
(d) 
FIGS. 5.2.7.2 Implanted silicon abraded with 6pm d
iamond paste. TEM 
micrographs, BF and diffraction patterns: ( a)-(c) Dose 4x1017N2 cm-
2
; 
(d)-(f) Dose Bx10 17N2 cm-2 . No deformation mechanisms can be seen beneath 
the grooves, and the material is amorphous. 
,, 
iv) implanted abraded against implanted unabraded -
in this way the effects of heating, etc. during thinning could always be 
checked against a reference specimen. 'Implanted' specimens in the list 
above were to a dose of 8x1o 17N2 cm-2 (though some specimens at other 
doses were al so prepared). 
Typical results from these specimens are shown in figs, 5.2. 7.3 and 
5.2. 7.4. It can be seen that: 
i) The dislocation structures extend below scratch tracks to depths 
of -o. 1-0.2um in the unimplanted specimens; I . 
ii) The total depth of the implanted layer producing contrast in the 
TEM is -o.3-0.4pm; 
iii) The implanted layer has several bands of differing contrast; 
iv) No deformation structures can be seen anywhere in the implanted 
abraded specimens. 
5.2.8 Nitrogen-implanted Sil icon: Summary of Results and Discussion 
The results presented in sections 5.2:2 - 5.2.7 may be summarised as 
follows: 
i) The indentation size effect behaviour of silicon is altered by 
implantation to a dose greater then -4x1017N2 cm-2: The surface becomes 
softened relative to the surface of low-dose or unimplanted specimens, 
though the Meyer index is still below 2. 
ii) Implantation to very high doses (8x10 17N2 cm-2 ) inhibits the 
break-out of lateral cracks around indentations, though they still extend 
below the - specimen surface. This effect increases in strength 
progressively over the dose range 2-8x1017N2 cm- 2 
iii) Chipping fracture around low load (10 and 20g) diamond cone scratch 
tracks is greatly reduced by implantation to doses as low as 1017N2 cm-2: 
iv) Electron channelling shows that silicon is rendered 
non-crystalline near the surface by doses of nitrogen less than 
1015N2 cm-2 • 
v) Fine-scale surface grooving can be produced in both unimplanted 
and implanted silicon by abrasion with 6µm diamond grit: In the 
unimplanted silicon, the grooves are associated with dislocations; in the 
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FIGS: _5 .2.7.3(a)-(d) Unimplanted silicon, abraded/unabraded, 
cross-section TEM: ( a) DP ( spots from both sides of specimen); ( b) BF, 
general view, abraded silicon to the left; (c) BF and (d) WBDF (1;=400, -~ 
imaging) of the same area. Note dislocation loops beneath the scratch 
tracks on the abraded side. 
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FIGS. 5.2.7.3(e)-(g) Unimplanted abraded silicon, cross-section TEM (DP 
as 5.2.7. la). All the same area: (a) BF; (b) CDF (]=022); (c) CDF (]=022). 
Note d i s location array beneath the scratch track, to depth -1pm. 
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FIGS. 5.2.7.4(a)-(e) Implanted silicon, cross-section TEM: ( a) 
8x1017N2 cm-2abraded, BF; (b) 8x1017N2 cm-2 vs. unimplanted, both 
unabraded , BF; (c) DP from crystalline part of (b); (d),(e) 
8x10 17N2 cm-2abraded vs: unabraded, BF. Note the banded appearance of the implanted layers . In (d) and (e) , no deformation structures can be seen. 
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FIGS. 5.2.7.4(f)-(i) 
Abraded silicon, 8x10 17N2 cm-2 vs. 
unimplanted. Cross-section TEM (BF). 
No deformation structures can be seen 
on the implanted side, though some 
grooves can be seen in cross-section. 
The unimplanted surface shows 
near-surface dislocations as in 
5.1.7.3. ( i) DP from unimplanted side. 
(h) 
0-Sµm 
implanted silicon, no deformation mechanism can be identified beneath the 
grooves. The dislocation loops produced in the unimplanted silicon extend 
0.1-0.2pm beneath the surface. The depth to which implantation affects 
contrast in the TEM is -o:3-o:4µm : 
vi) The implanted layer appears banded in cross-section in the TEM. 
vii) The standard laser-annealing process used for low-dose c-1015 
ions cm-2 ) silicon strips the surface from material implanted to doses 
sufficient to change the surface mechanical behaviour. 
A discussion of the above results together with results from other 
implanted materials is presented in chapter 6. From the silicon results 
taken in isolation, only a few conclusions can be drawn, these being: 
i) The softening effect seen in the microhardness tests cannot be the 
result of surface amorphisation alone, as this occurs at much lower doses 
than those required to produce the softening. 
ii) The reduction in indentation fracture breakout is probably due to 
the presence of a compressed surface layer produced by the implantation 
( see 2.2.3). The shallowly-inclined lateral cracks tend to be deflected by 
such a layer; the steeply inclined median/radial cracks can penetrate 
easily to the surface. 
iii) The reduction in chipping fracture around the scratch tracks is 
connected with the reduction in lateral fracture breakout. The effect on 
chipping becomes noticeable at lower doses than those required to alter 
indentation fracture behaviour, as the loads in the scratch test are much 
lower and so fracture would be initiated closer to the surface. 
iv) A non-dislocation mechanism, of undetermined form, gives surface 
plasticity in the implanted layer. Deformation on the same scale in 
unimplanted · silicon occurs by dislocation processes. 
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5.3 Experiments with Nitrogen-implanted Cemented Carbide and Cobalt 
5.3.1 Materials Description 
The material used in these experiments was WC-6%Co, supplied by 
Wimet (UK) Ltd. Its properties as determined by the manufacturers [Lardner 
( 1979)] are : 
Wimet 'NI Grade WC-Co 
Mean we Grain Size 1. 4pm 
Specific Gravity 14.95 
Vickers Hardness 1600 kgmm-2 
Transverse Rupture Strength 2311 MPa 
Compressive Strength 4240 MPa 
Youngs Modulus 630 GPa 
Kic -8 MPam 112 * 
The relations between microstructure and mechanical properties, 
particularly wear behaviour, for this type of material are complicated and 
not well understood. Reviews (eg. Chermant and Osterstock (1976), (1979), 
Lee and Gurland (1978), Lardner (1978) and Exner (1979)) give details of 
some aspects of microstructure/property relations, especially variations 
with cobalt content. It is thought that at cobalt contents as low as 6%, a 
continuous 'skeleton' of the carbide material exists. TEM examination of 
the material used here showed apparently contiguous carbide grains (see 
figs. 5.3.5. 1). The properties of both phases will contribute to the 
mechanical ·~esponse of the composite, and the effects of implantation on 
both must be considered. 
Tungsten carbide is a hard ceramic' with a hexagonal crystal 
structure (a= 2.90 ~. c = 2.83 ~ [Hibbs and Sinclair (1981)]. The primary 
slip system has been reported as {10T0}<0001>, with {10T0}<1123>, 
{10T0}<1210> and {2TT2}<2113> as subsiduary slip systems [Bolton and 
Redington (1980)]. The Vickers hardness has been reported as 
* [Chermant and Osterstock (1976)] 
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2100 kgmm-2 on (0001) and 1080 kgmm-2 on {1TOO} [Takahashi and Friese 
(1965)]. Large single crystals of this material are difficult to obtain, 
and so no work could be carried out in this study on the effects of 
implantation on tungsten carbide alone. Cobalt is ;:i metal with an hep 
crystal structure; its properties are described in section 5.3.6. 
The specimens of the composite used in this study were cut using a 
diamond bladed saw, and polished on laps and cloths to a 1/4µm finish , as 
described in section 4.3. Some specimens, particularly those used by 
Harwell in the pin-on-dj_sc wear tests ( see 4.5.3, 5.3.2, 5.3.4, 5.3.5) had the 
finish as supplied by the manufacturer. Such specimens had a fairly high 
density of sub-micron sized surface scratches. Implantation was performed 
using the 'Pimento' machine, as described in section 4.1.1. 
5.3.2 Work at AERE Harwell on Implanted WC-Co 
Experiments at Harwell on this material have been of two types: 
i) Pin-on-disc and other laboratory tests; 
ii) Lifetime studies of industrial components. 
The laboratory tests have been summarised by Dearnaley (1981c). Several 
types of wear test, of varying degrees of severity, were carried out on 
nitrogen-inplanted WC-Co. No differences between the behaviour of the 
implanted and the unimplanted materials could be detected in the 
'accelerated wear' tests; these included vibratory polishing on alumina 
slurry, abrading on SiC grit and wear against rapidly rotating metal 
wheels. Considerable improvements in wear lifetime were, however, found in 
the pin-on-disc tests ( see 4. 5.3) under lubricated conditions. Results from 
the examination of such specimens are presented in sections 5.3.4 and 5.3.5. 
Specimens tested by the pin-on-disc method differed in both their 
frictional behaviour and in their wear rates. Unimplanted specimens showed 
a gradual drop in friction coefficient from -0.1 to -0.07 over -60km 
sliding distance ( the final fr iction coefficient is a mean of widely 
fluctuating values). The implanted discs (4x1017N2 cm-2) rapidly 'ran in' 
over -1km sliding distance to a stable state with friction coefficient 
-0 ,03, 
-~ After the runn ing-in period, nitrogen was found to be present in both 
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the disc and the originally unimplanted pin, even after a thickness 
several times greater than the mean ion range had been worn away. Wear 
rates were greatly altered by implantation: 
Unimplanted disc Implanted disc (4x10 17N2 cm-2 ) 
Pin wear rate 5.5 ±0~7 1.5 ±o.5 
(cm3/cm travel) · 
Disc wear rate 
( cm3 /cm travel) 
6.2 ±o.5 0.7 ±0.3 
(conditions: 0.5mm pin, speed 2ms-1, load 100N, white spirit lubricant) 
It was suggested that the effects of implantation on the cobalt 
binder phase are the ones principally responsible for the above changes in 
behaviour, possibly by altering the stacking fault energy or the hep-fee 
transformation characteristics. It was suggested that the nitrogen was 
most likely t o be transported inwards between the carbide grains during 
the wear process, either in the binder phase or along the binder/carbide 
interfaces. It has also been suggested [Dearnaley ( 1980a) J that 
displacement damage may create diamond-like regions within the carbide 
grains. However, all these mechanisms postulate a hardening in either or 
both phases present. The results of Pethica ( 1 982) suggest that this is 
not the case for the carbide phase ( see 2.4.2) and the results in section 
5.3.6 indicate that the binder phase may also be softened by implantation. 
Possible mechanisms for the wear rate changes in implanted WC-Co are 
discussed in section 5.3. 7. 
Though the mechanisms are not well understood, the large reductions 
in friction and wear produced by implantation have rapidly found 
industrial _ applications - WC-Co is used for many components in harsh wear 
environments. Trials of implanted components in such applications as wire 
drawing dies [Hartley ( 1979b) J, swageing dies [Dearnaley ( 1980a) J and 
slitting knives [Dearnaley (1980b)] have shown component lifetime 
increases of 2-1 Ox normal. 
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5.3.3 Microhardness Tests on Nitrogen-implanted WC-Co 
Microhardness testing was performed and the results analysed as 
described in section 4.4.1, using a load range of 50g-1kg. No significant 
changes in the microhardness behaviour were observed over the dose range 
0-16x10 17N2 cm-2 . The material was, however, quite variable in its response 
to hardness testing from sample to sample. In particular, the three samples 
of unimplanted material each behaved very differently. These were examined 
in the SEM, and found to be of an Fe-Cr alloy rather than WC-Co. In order to 
obtain representative data for unimplanted material, a section of each of 
the implanted samples, taken from close to the indentation array, was 
repolished so as to expose unimplanted material. Microhardness testing was 
then performed on these repolished specimens. Figs. 5.3.3.1 show the results 
from implanted (I) and unimplanted (U) sections of each sample. It can be 
seen that all samples, whether implanted or not, behaved identically to 
each other within the limits of experimental error. 
These results should be compared with those of Pethica ( 1982) . Using 
an ul tra-low-,load microhardness tester, with penetration depths of the 
order of 10-100nm, he found a significant hardness decrease was produced 
by nitrogen ion implantation to doses of 1017 to 1018ions cm-2• No 
distinction was made between indentations in the cobalt and the carbide 
phases. The discrepancy between Pethica's results and those presented here 
can be resolved if it is the case that in this composite material, the 
normal type of plastic zone geometry beneath the indenter ( see 3, 1.2) is 
not present. Indentation within the load range 50-1000g appears to deform 
the surface by re-arrangement of the carbide grains, without greatly 
deforming the grains themselves (see figs. 5.3.3.2). Since the ion range is 
rather less than the carbide grain size, implantation would not be 
expected to have much effect in the results of this type of test. However, 
the ultra-low load type of microhardness testing would be expected to 
cause yielding within the grains, without moving them bodily, and so could 
detect changes in the plastic response of the carbide, 
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FIGS . 5.3.3.1 ISE behaviour of nitrogen-implanted WC-Co: (a) Hardness at 
1kg load; (b) Hardnes~ at 10pm diagonal; (c) Meyer (ISE ) index . 'U' 
indicate s a repolished, unimplanted section of the adjacent implanted 'I' 
mater ial. The ISE behaviour is not significantly changed by i mplantati on. 
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FIGS. 5.3.3.2 Microstructures around 1 kg indentations 
(secondary electron) images: (a)-(c) Unimplanted WC-Co; 
4x10 17N2 cm-2 ((e) is 500g indentation). Note ac'?entuated 
grains i nsi de the indentation edge in implanted material. 
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Figs. 5.3.3.2 show the microstructure around typical indentations. It 
can be seen that the carbide grains appear deformed only at the extreme 
edges of the indentations. No pile-up is evident at any load. All 
indentations appear square, with no pincushioning or barrelling visible at 
any dose. Slight differences in crack morphology are evident between 
implanted and unimplanted specimens. Indentations in unimplanted WC-Co 
show almost no cracking of any kind up to the maximum load used, but some 
high load indentations in implanted material show fine cracking just 
inside and parallel to the indentation edges. This may be due to an 
implantation-induced reduction in fracture toughness of the carbide, or to 
a change in indenter-surface friction, or possibly to the 
implantation-induced surface stresses. This last is unlikely as it is most 
probable that any such stresses would be compressive (see 2.2.3), and thus 
tend to reduce this type of fracture rather than encourage it. 
The high-dose specimens also show signs of sputtering, especially in 
the cobalt phase. As the dose increases the carbide/carbide boundaries and 
the cobalt areas become more visible in the optical microscope due to 
preferential ion-etching ( see figs. 5.3.3;3). 
5.3.4 SEM Examination of Pin-on-Disc Specimens 
The microhardness results described in the previous section 
prompted a study of WC-Co actually worn in the tests for which 
implantation had been reported to have brought about improvements. Two 
specimens, in the form of 25mm diameter discs with several wear tracks on 
each, were obtained from AERE Harwell. One specimen was unimplanted, the 
other implanted to a dose of 4x1017N; cm-2: Wear conditions were (see also 
4.5.3 ): 
Pin diameter 
Pin material 
Load on pin 
Speed 
Lubrication 
0.5 mm (cylindrical pin) 
WC-6%Co 
100N 
2000 rpm 
Recirculated white spirit 
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FIGS. 5.3.3.3 Optical micrographs of lkf indentations in implanted WC-Co: 
(a) Dose 2x1017N2 cm-2; (b) Dose 4x10 1 N2 cm-2; (c) Dose 8x1017N2 cm-2. 
Note prefential ion-etching of boundaries and cobalt. 
The run times for the various wear tests were not recorded by the 
machine operator, as the specimens were used to test the reproducability 
of the effects described in section 5.3.2. Tracks varied considerably in 
the amount of visible wear, particularly on the implanted specimen. It was 
found [Dearnaley (1981e)] that the pin drag force was 10-12N for the 
implanted specimen and 21-22N for the unimplanted specimen . Post-wear 
nuclear reaction analysis ( see 4.2) showed that large amounts of the 
implanted nitrogen had been transferred to the pin. Volumetric wear rates 
of the pin and the disc material were r oughly equal in both implanted and 
unimplanted cases. 
Optical examination of the discs, both by eye and by microscope, 
showed differences in track visibility between the two specimens. The 
tracks on the unimplanted specimen were all easily visible, being deeply 
cut into the disc surface and markedly grooved within the tracks. Tracks 
on the implanted specimen were much less visible, particularly under the 
microscope, though use of oblique illumination improved contrast. This 
lack of contrast is probably due to the much lower wear rates, which give 
less of a step in the surface at the edge of the track. 
Examination of the pin-on-disc specimens in the SEM showed more 
details of the structure of the tracks ( see figs. 5.3.4.1 (unimplanted) and 
5.3.4.2 (implanted)): 
i) Tracks on the unimplanted specimen were easily visible even at high 
magnifications; those on the implanted specimen could only be readily 
distinguished at low magnifications and with high beam currents . In this 
latter condition, contamination lines were used to mark the postion of 
track edges, etc. 
ii) Tracks on the . unimplanted disc appeared darker than their 
surroundings, whereas those on the implanted specimen appeared slightly 
lighter (using SEM secondary electron imageing). 
iii) Patches of material wi.thin the tracks in both specimens appeared 
much darker than than any other part. These patches were streaked along 
the rotation direction; close examination did not show any topographical 
change in these regions. It is possible that they might be due to local 
surface contamination, perhaps from breakdown of the lubricant. On the 
implanted specimen the patches were visible only on the most heavily worn 
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FIGS. 5.3.4,1 Unimplanted WC-Co pin-on-disc wear test specimen. SEM 
(secondary electron) images: (a) General view (70° tilt) showing three 
wear tracks; (b),{c) Edge of track; (d) Inside track; (e) Stereo pair (30°& 
40° tilts) of track edge. Note surface grooves within tracks, obscuring 
the original surface finish, and the surface contamination within the 
tracks. Some grain pull-out is visible. 
10µm 
1mm 
10.QHm 
10µm 
FIGS. 5.3.4.2 Implanted (4x1017N; cm-2 ) WC-Co pin-on-disc wear test 
s pecimen. SEM ( secondary electron) images: ( a) General view (60° tilt); 
(b)-(f) Edges of wear tracks. Note the wear tracks are lighter than their 
surroundings , apart from a few contaminated areas, and that wear is much 
lighter on this specimen, compared to 5.3.4.1, The original surface finish 
is obscured only on the most heavily worn tracks. 
100µm 
-
100µm 
10µm 
-
tracks. 
iv) · The bases of the tracks showed grooving in the rotation direction. 
The grooves were approximately micron sized, and appeared as surface 
deformation of, rather than displacement of, the carbide grains. For most 
of the tracks on the implanted specimen, the grooves did not totally 
obscure the original surface scratches. On this specimen the grooves were 
also wider and shallower than those on the unimplanted specimen. On all 
the tracks on the unimplanted specimen, the track base was well below the 
original surface level, indicating a high wear rate. Without knowledge of 
the wear test durations, however, a direct comparison of the wear rates of 
the two specimens is not possible. 
v) The carbide grains appear less contiguous in the track bases. In a 
few cases, whole grains seem to have been removed. Nonetheless, the 
granular microstructure visible in the track bases did not appear to have 
been directionally distorted by the frictional dragging of the pin. 
Specimens of implanted and unimplanted material were also cut so 
that a track could be examined in longitudinal and transverse cross 
section. The specimens were mounted in bakelite, polished as described in 
section 4.3.2, then removed from the bakelite and examined in the SEM. These 
specimens were prepared to check the possiblity that near-surface 
material might have been dragged forward by the pin, in which case the 
d:i.fferences in coefficients of friction between the two specimens might 
have a direct bearing on their wear rates. As can be seen in figs. 5.3.4.3, 
no such effects were found for either the unimplanted or the implanted 
specimen. The microstructure appears unchanged right up to the surface, 
with no friction-induced directionality visible. 
From the above observations, it appears that the main wear mechanism 
under these conditions involves material loss at the sub-grain level. 
Grain pull-out, though occasionally observed, is probably not a major loss 
mechanism, as the grain stucture does not appear to be disturbed beneath 
the worn surfaces. Within the grooves, the surface appears plastically 
deformed on a scale finer than the grain size. This may be connected with 
the light contrast of the wear tracks in the implanted specimen; Sawyer 
(1979) observed a similar phenomenon on heavily worn SiC surfaces, and 
attributed this to an increase in dislocation density. However, the 
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FIGS. 5.3.4.3 Cross-sectioned pin-on-disc specimens. SEM ( secondary 
electron) images. Wear dire·ction was horizontally on the top surface: 
(a),(.b) Unimplanted; (c),(d) Implanted, dose 4x10
17N2 cm-2 . The 
microstructure appears unchanged right up to the surface in each case. 
• 
reverse contrast on the unimplanted specimen is not explicable in this 
way. · 
Further investigation of the pin-on-disc specimens was carried out 
by examination of TEM specimens. Results from such specimens are described 
in the next section. 
5.3. 5 TEM Examination of Pin-on-Disc Specimens 
Results from plan-view specimens only are presented here. Attempts 
were made to prepare profile-view specimens of worn and/or implanted 
surfaces,but these proved unsuccessful. The techniques described in 
section 4.6.2 failed as the glued joint was not strong enough to withstand 
the stresses involved in lapping and polishing the specimens. A method 
successfully used by Gibbs ( 1982) ; to examine worn ceramic fibreguide 
surfaces, was also attempted; this method involved the preparation and 
thinning of a semi-disc of the material, with the surface of interest as 
the diameter. This method also proved unsuccessful for WC-Co specimens. 
The plan view specimens were prepared in "the way described in 
section 4.6.1. Specimens were made from the pin-on-disc specimens used for 
the experiments described in section 5.3.4 ( ie. unimplanted and dose 
4x10 17N2 cm-2 ). 3mm discs were cut so that a track edge crossed the centre 
of the disc; careful thinning produced usably thin areas in both the worn 
and the unworn materiaL A specimen of high dose WC-Co ( 16x1017N2 cm-2 ) 
was also prepared. Results from each of these specimens are described 
below: 
i) Un implanted pin-on-disc specimen ( see figs. 5.3.5. 1) 
The tungsten carbide grains, roughly equiaxed and of - 1um diameter, I 
are easily visible; the cobalt binder is less readily identifiable. In the 
unworn region, some dislocations, often in well-formed networks, are 
visible in the carbide phase. The dislocation density is noticeably higher 
in the worn areas; dense tangles can often be seen. This indicates that the 
w~ar mechanism involves at least some plastic deformation. No cracks can 
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(a) ( b) 
( C) ( d) 
FIGS. 5.3.5.1 ( a )-(d) TEM examination of unimplanted pi n-on-disc 
s pecimen:- unworn areas: (a)-(c) BF; (d) DP, from several grains. 
l 1µm 
\ 
( e) 
r (g) 
(h) 
FI GS. 5. 3.5.1 (e};:..(h) TEM examination o~ unimplanted pin-on-dis c all""a.t.t.> ar 
speci men:- worn areas. BF images. Note,<'.. higher dislocation densities than in 
(a)-(d) . ( i,.v.-owe-J) 
be seen in the carbide grains in either the worn or the unworn regions. 
Some intergranular cracks can be seen in both the worn and the unworn 
areas, and are most likely an artefact of the thinning process. 
ii) Implanted pin-on-disc · specimen (Dose 4x10 17N2 cm-2) ( see 
figs. 5.3.5.2) 
The microstructures in the worn and the unworn areas appear 
identical, though the worn area can be identified by the surface grooving 
(see 5.3.4). The carbide grains are still easily visible and retain their 
original shapes, but have internal l y recrys tallised on a fine scale. 
Within single grains, bands or regions of one predominant microcrystal 
orientation are present; these could be identified by dark field imageing, 
and were aligned with the track grooving dir ection. The microstructure of 
the cobalt in any region could not be determined. 
iii) High-dose ( 16x1017N2 cm-2 ) specimen ( see figs. 5.3.5.3) 
This specimen was prepared so that the possible effects of specimen 
heating in the pin-on-disc test could be assessed. The final 
microstructure observed consists of finely recrystallised material, 
similar to that described in ( ii) above, though with no bands of preferred 
orientation. This result differs from that of Greggi and Kossowsky ( 1981) 
who found only higher dislocation densities in implanted tungsten carbide. 
However, their highest dose was 5x1016N; cm-2 , so it may be that the 
recrystallisation occurs at the 1017N2 cm-2 dose level (ie. that required 
for an effect: on the pin-on-disc test). 
It can therefore be seen that implantation with nitrogen to high 
doses (?10 17N2 cm-2 ) produces fine scale recrystallisation near the 
surface. The possible effects of this on wear rates, etc. are discussed in 
section 5.3. 7. 
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FIGS. 5.3.5,2(a)-(d) TEM examination of implanted pin-on-disc specimen:-
unworn area: (a) DP from area shown in (b)-(d); (b)-(d) GDF images, using 
spots indicated on (a). The area seems to hav~ split into subgrains of 
preferred orientation. 
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Q.Sµrn 
1µrn 
FIGS. 5.3.5.2(e)-(i) TEM examination of implnnted pin-on-disc specimen
:-
worn area: (e)-(g) CDF images of same area, using spots indicated in (h
); 
( i) General view, showing grooving in the track base. The subgrain domain
s 
in (e)-(g) are aligned with the grooves. 
C h > 
( i ) 
FIGS. 5,3,5,3 TEM examination of high dose (16x 1017N2 cm-2 ) i'mplanted 
we -Co specimen: (a) DP from area shown in (b)-(d); (b) -(d) CDF images, 
Jsing the spots indicated in (a). Note fine scale.recrystallisation of we 
grains . 
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5.3.6 Microhardness Testing of Nitrogen-implanted Cobalt 
i) Materials Description 
Since the experiments performed on the composite WC-Co could not 
easily detect implantation-induced changes in the cobalt phase, this 
material was implanted and examined separately. It should, however, be 
noted that the cobalt phase in the composite is certainly very impure 
compared with the material used here, and that any impurities present (eg. 
carbon, tungsten), may interact with the implanted nitrogen in 
unpredictable ways. 
Cobalt is a metal with two crystal structures, 8 (hep), a=2.51~, 
c=4.07~, which is stable below 417°c, and ~ (fee), a=3.54~ [ASM, Metals 
Handbook, (1975)]. The stacking fault energy in cobalt is very low, and the 
transformations between the two crystal forms are sluggish. Samples of 
cobalt usually contain stable amounts of the fee phase, even at room 
temperature. The hep-fee transformation temperature has been shown to be 
lowered by -50°c by the presence of nitrogen [Hansen (1958)]. The atomic 
volume of the fee phase is -o.5% geater than that of the hep phase, so it 
might be expected that under high pressures ( eg. beneath a hardness 
indenter) the transformation of residual fee material to hep would be 
encouraged. The yield stress for cobalt has been reported as 345-385 MPa 
(annealed material), and the hardness as 170 kgmm-2 (annealed) and 
320 kgmm-2 (worked) [Smithells (1976)] (see also results below). 
The material used in these experiments was 99.9% pure annealed 
cobalt foil of 250pm thickness, supplied by Goodfellow Metals. The grain 
size was 50-100pm, as could be seen from ion ,etching during implantation. 
The metal was polished to a 1/4pm finish using diamond paste on laps and 
cloths, r.1s described in section 4.3.2. Electropolishing was attempted, but 
no success was achieved in the limited time available (the work carried 
out in this section was combined with an undergraduate research project) ~ 
The specimens were implanted to doses up to 6x1017N2 cm-2 as using the 
'Pimento' machine, as described in section 4.1.1. Post-implantation 
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analysis, (see 4.2) showed that the doses estimated from the implantation 
times etc. were in error, because of machine miscalibration after a major 
service. Actual doses were -40% of those estimated [Turner (1980)] . The 
maximum dose was therefore 2.4x1017N2 cm-2 
ii) Microhardness Testing 
Microhardness testing was carried out as described in section 4.4.1, 
using a load range of 5-200g. Independent indentations and analyses were 
carried out by the author and the project student (T.C. Jones), so that the 
variability of results due to operator error could be assessed. Results 
are shown in figs. 5.3.6.1. At all doses the Meyer index was less than 2, so 
that the surface hardness was greater than that of the bulk material, but 
for the implanted specimens this tendency was reduced, and the Meyer index 
approached 2. The implanted near-surface cobalt was softer than its 
unimplanted counterpart. Typical diagonal measurements were: 
Dose 
zero 
-2 cm 
Diagonal 
10g 
6.0 :!:0 . 3 
7.7 =o.4 
(um) at 
I 
5g 
3.8 ±o. 2 
5.2 =o. 3 
The appearance of the indentations, as seen by light and scanning 
electron microscopy, did not vary significantly with dose ( see figs. 
5.3.6.2). All indentations showed pile-up and no fracture was observed. The 
heavily implanted specimens showed some signs of etching, particularly at 
grain boundaries. 
Attempts were made to prepare TEM specimens from implanted and 
unimplanted cobalt, but these were unsuccessful, because of excessive foil 
oxidation. The metal had been kept under dry toluene after the initial 
polishing, but this is obviously insufficient. Mazey (quoted by Dearnaley 
and Hartley (1978)), has reported a martensitic fee to hep transformation 
in nitrogen-implanted cobalt and it is possible that strain could be 
accommodated by such a transformation, as the hep phase is slightly denser 
than the fee phase; such a transformation could account for the observed 
softening. Further, if the presence of nitrogen stabilises the fee phase, 
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FIGS. 5.3.6.1 ISE behavio ur of nitrogen-implanted cobalt: ( a ) Hardness at 
1kg load; (b) Hardness at 10um diagonal; (c) Meyer (ISE) index. The surface I 
is softened at all implanted doses. Error bars: (a),(b) 2~ (c) 30". 
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FIGS. ·5.3.6.2 200g indentations in cobalt, SEM stereo pairs (30°& 
irn° tiits): (a) Unimplanted; (b) Dose 2.4x1o 17N; cm-2. No significant 
change can be seen in the shape of the indentations. The surface of the 
implanted specimen is roughened by sputtering. 
as suggested by Hansen (1958), then more of this metasta
ble phase might be 
available for such a pressure-induced tranfo
rmation after implantation, 
thus giving rise to the observed softening. 
5.3. 7 Summary and Discussion of Results for WC
-CO and Co 
The results given in more detail in sections
 5.3.3 to 5.3.6 may be 
summarised as follows: 
i) The hardness behaviour of WC-6%Co is not
 altered by 
nitrogen-implantation to doses of 16x10
17N2 cm-2, using test loads between 
50g and 1kg. 
ii) The incidence of fracture at the edges of
 indentations is increased 
by nitrogen-implantation. No other type 
of fracture (eg. lateral, 
radial/median) was observed. 
iii) Examination of pin-on-disc wear tracks in the
 SEM reveals a 
contrast reversal between unimplanted and imp
lanted specimens, the tracks 
on the implanted specimen appearing sli
ght l y l i ghter than their 
surroundings. No other differences could be 
seen apart from the greatly 
reduced amount of .wear on the implanted specim
en. · 
iv) Pin-on-disc wear tracks show a smal l amount of gra
in pull-out, but 
this does not seem to be the major material loss process. C
ross-sectioning 
of wear tracks shows no gross structure defo
rmation by pin friction. The 
bases of wear scars show fine grooving on a 
scale slightly smaller than 
that of the carbide grains. 
v) TEM observation shows that worn unimplanted WC-Co 
has a greater 
dislocation density in the worn area than in t
he unworn area. 
vi) TEM observation of implanted WC-Co shows that the c
arbide phase has 
recrystallised on a fine scale. This recrysta
llisation appears similar in 
both the worn and the unworn areas of pin-o
n-disc specimens, apart from 
the directionality of agglomerations of micro
'crystals in the worn area. 
vi) Cobalt is softened by implantation with nitroge
n. This effect 
occurs at doses lower than 5x1o
16N2 cm-2 • 
It seems clear from the results described ab
ove that the wear and 
implantation phenomena occur on a scale finer
 than the carbide grain size. 
The wear mechanism seems to involve plastic de
formation of the surfaces of 
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the carbide grains. The fine scale recrystallisation observed in the 
carbide grains after implantation might hinder such plastic flow by a 
'Hall-Petch' type of effect. This would not, however, explain the 
observations that implantation-induced improvements in the wear rate of 
WC-Co can continue well after the original implanted layer has been worn 
away (see 5.3.2). · A mechanism such as that proposed by Dearnaley and 
Hartley (1978), whereby 'Cottrell atmosphere drag' both transports 
nitrogen into the body of the specimen and reduces plastic flow, might be 
the cause of this type of behaviour. 
5.4 Implantation of Amorphous Materials 
The effects of ion implantation on two amorphous materials were 
studied in order that possible changes in mechanical properties due to 
implantation-induced amorphisation could be more clearly distinguished 
from the doping, stressing etc. effects of implantation. The two materials 
were: 
i) A. metallic glass, Metglas 2826A., composition Ni 36Fe 32cr 19P 1286, 
supplied by J; Patterson and manufactured by the Allied Chemical 
Corporation, USA. 
ii) Pure silica glass, 'Spectrosil', supplied by UGC, Comberton, Cambs. 
and manufactured by Thermal Syndicate Ltd, UK. Each material is more fully 
discussed and the results of microhardness testing, etc. are detailed in 
sections 5.4.1 - 5. 4,11-. 
5.4.1 Microhardness Testing of Nitrogen-implanted Metglas 2826A 
The mechanisms of plastic deformation of metallic glasses are not 
well understood. Deformation at low temperatures (room temper ature for 
2826A) is concentrated into highly localised shear bands, of thickness up 
to 200nm, typically 10nm [Donovan and Stobbs ( 1981 )] , [Patterson et al. 
C 1 97 8) J. Neither the radially-directed displacement nor the 
surface-directed flow models of indentation plasticity fit the measured 
values of E, H, Y and v and this has been attributed to the peculiarities 
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of the shear band deformation mechanism [Sargent and Donovan (1982)]. The 
hardness behaviour is very sensitive to the material's crystallinity. The 
hardness of Metglas 2826A was investigated by Patterson et al. (1978), who 
found a substantial rise in the hardness of crystallising metglass before 
any change could be detected by differential scanning calorimetry. At the 
same stage of annealing the near-indentation surface pile-up normally 
seen in the non-crystalline material ceased to occur. 
Specimens of this material (supplied as ribbon, 1.8mm x 50µm) were 
prepared by cutting 10 pieces approximately 30mm long, which were fixed 
using epoxy resin to an aluminium stub. Polishing was performed by hand on 
14µm and 6pm diamond paste laps, followed by polishing on 6pm and 1pm paste 
on cloths (see 4~3~2). The final stage of polishing was performed using 
0.05pm alumina slurry in a vibratory polishing machine for 12 hours. This 
procedure was found by Patterson ( 1980) to give a virtually undeformed 
surface for subsequent microhardness testing. 
The specimens were implanted with nitrogen, using the 'Pimento' 
machine ( see 4.1.1 ), to doses of 2, 4, 6 and 8x1017N2 cm-2• Microhardness 
testing was carried out using loads of 10-200g, and the results analysed 
by the program described in section 4.4. 1. The range in the sizes of the 
indentations thus produced was from -4}lm to -25pm. Results are shown in 
figs. 5.4. L1. It can be seen that no change occurs in the hardness 
behaviour over the dose range used. The surface topography near the 
indentation does not change with dose, as shown in figs. 5.4.1.2; pile-up is 
visible at all loads, and is similar in form and extent at all doses. 
These results indicate that: 
i) The operative deformation mechanism is still by shear bands; 
ii) The surface (non)crystallinity has not been changed, either by the 
displacement damage involved in implantation ( see 2. 1.1), or by thermal 
effects ( the max. temperature during implantation was estimated to be 
-300°c (see 4~1.1)); 
iii) The large surface stresses probably introduc·ed by the implantation, 
and the high concentrations of nitrogen certainly present (down to -o.5pm 
depth) do not alter the yielding and flow characteristics of the material 
enough to change the microhardness behaviour. 
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FIGS. 5.4.1.2 Indentations on Metglas 2826A. Optical micrographs: (a),(b) 
100g load; (c),(d) 25g load; (a),(c) Unimplanted; (b),(d) Dose 
8x 1017 N2 cm-2 . The morphology of the inde
ntations does not change with 
dose. 
5.4.2 Silica Glass- Materials Characteristics 
This material was claimed by the manufacturers to be a pure, 
annealed silica glass, with no crystallinity. A sample was chemically 
analysed and found to have no contaminants even at the ppm level [Sturton 
(1981)]. The crystallinity and the annealing state were not checked. The 
specimens were supplied in a good state of polish, in the form of 10mm 
diameter x 2mm thick discs . 
The deformation mechanisms in this type of material are not well 
understood. Marsh (1964) notes that for both pure and modified (ie. alkali 
metal ions added) glasses, the flow stress is much lower than that 
required for fracture. He also points out that neither compaction and 
relaxation of the material, nor viscous flow alone as yielding mechanisms 
adequately account for the observed behav i our on indentation. Hagan (1980) 
has shown that beneath high load (1-10kg) indentations in soda-lime glass 
flow occurs in narrow sl;lear bands, al though the nature of the flow 
mechanism is unclear. Intersection of such bands can lead to crack 
nucleation. 
Silica glass materials, usually of the modified type ( soda-lime 
glass), have been widely used as model isotropic brittle materials in 
studies of indentation fracture mechanics. Fracture data for this type of 
material are [Lawn (1979)]: 
Hardness 610 kgmm-2 
Krc 0. 7 MNm 112 
p* 0. 02N 
* C 1. 5pm 
E 73 GPa * 
Fracture would therefore be expected at , all loads within the 25-1 OOOg 
range used in the microhardness tests decribed in section 5.4.3. However 
the cracks observed ( see 5.4.4) were in the form of Hertzian-type cone 
cracks ( see 3.2.2) and median/radial cracks, rather than the lateral and 
median/radial cracks seen by eg. Lawn and Wilshaw ( 1975b) in soda-lima 
* [EerNisse (1973)] 
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glass. Hagan ( 1979) has observed similar Hertzian-type fracture in pure 
silica glass. Presumably this difference in fracture behaviour is due to 
some intrinsic difference between the mechanical properties of the two 
types of glass. Marsh ( 1964) and Yaffe ( 1982) have suggested that the 
difference lies in the available free space in the glasses for compaction 
on indentation ( this would also be expected to alter the flow properties). 
Silica glass is also of interest for implantation studies as 
EerNisse ( 1974) has shown that the material undergoes a compaction, 
leading to an in-surface tensile stress, on implantation. For ions of mass 
10-20 Daltons, the effect peaks at a dose of -10 14ions cm-2; beyond this 
dose, the tensile stress rapidly decreases ( see fig. 5.4.2. 1). Results given 
in section 5.4.4 indicate that compressive stresses are produced at the 
higher doses used in this study. 
Specimens were implanted using the 'Pimento' machine ( see 4.1. 1) to 
doses of 1, 2, 3 and 4x10 17N2 cm-2• The specimen implanted to 4x1017N2 cm-2 
had previously been indented, using loads in the range 25-1000g. 
5.4.3 Microhardness Testing of Nitrogen-implanted Silica Glass 
Specimens were indented using a load range of 25-1000g, and were 
examined by light and scanning electron microscopy. It was found that the 
cracking produced at all loads made measurement of indentation sizes by 
the normal method impossible, even after the application of a sputtered 
gold coating. Microhardness values were therefore calculated from 
measurements made from SEM images (see 4~4.1). Only indentations at loads 
of 25g, 50g and 1 OOg could be measured, because of the extent of cracking 
at higher loads. Results are shown in table 5.4.3a. It can be seen that 
ther e is no significant change in the microhardness behaviour with dose. 
Measurements on the SP1 specimen were made after a 1 minute vibropolish 
( so as to enhance crack visibility); here both the pre- implantation 
indentations and the post-implantation indentations are the same sizes, 
and are smaller than the indentations on the other specimens by an amount 
consistent with the r emoval of -1 /4µm of the surface by vibropolishing. 
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FIG. 5.4.2. 1 D
ata of Eernisse ( 1974) for stresses produced by low- dose 
implantation into silica glass. Stresses are tensile in the plane of the 
surface. Note peaking and decrease of the stresses at high doses. 
10µm 
FIGS. 5.4 . 3.1 100g indentations on silica glass, SEM (secondary electron) 
images: (a) SPU5 (unimplanted); (b) SPI 1, indented before implantation to 
4x1017N2 cm-2; (c) SPI3, dose 2x 1017N2 cm-
2
. Note 'pincushioning' of 
i ndentations as dose increases. 
TABLE 5 . 4.3a 
Microhardness Results for Silica Glass 
Specimen code Dose Diagonal (µm) at load: 
(x10 17N+ cm-2 ) 2 1 OOg 50g 25g 
SPU5 
SPU1* 
SPI4 
SPI3 
SPI2 
* SPI1 
MEAN 
zero 
zero, subsequently 
implanted (SPI 1) 
2 
3 
4 
Mean Hardness 
(kgmm- 2 ) 
13. 6 
10.8 
13.8 
12.5 
13 . 1 
11.2 
13.3 
1045 
Errors in diagonal measurement ±-1µm. 
* measured after 1 min . vibropolish (not 
8.7 
6.0 
8.0 
7,5 
8.6 
7.5 
8 . 2 
1380 
included in 
6 , 6 
4.0 
5.4 
5. 1 
6.2 
4.6 
5 . 8 
1380 
mean) 
The shapes of the hardness indentations vary with dose as shown in 
figs. 5.4. 3.1 . Those on SPU5 (unimplanted at any stage) are square ~ or even 
slightly barrelled in some cases. As the implantation dose increases, 
indentations appear increasingly pincushioned, whether the indentations 
were made before or after implantation~ This is explicable in terms of an 
in-surface compressive stress, leading to increased elastic recovery. 
5.4.4 Indentation Fracture in Nitrogen-implanted Silica Glass 
Figs. 5.4.4.1 show typical fracture patterns around indentations. At 
high loads (300-1000g), spectacular Hertzian-type cone fracture is seen. 
This type of fracture is unaffected in incidence or extent by implantation 
up to the maximum dose used here. At lower loads, the cracks appear only as 
rings on the surface of the specimens. Incidence of such cracks is reduced 
with increasing implantation dose. Another form of cracking is seen at low 
loads, where the cracks lie close to and parallel to the indentation edges 
(similar to those seen in silicon carbide (see 5.1.4)). This type of 
cracking is eliminated by implantation to a dose of 4x1017N2 cm-2• All 
these types of fracture are initiated on the surface by tensile components 
of the stress field around the indentation ( see 3.2~2) . Their reduction by 
implantation is consistent with the existence of an in-surface 
compressive stress, as is the elastic recovery in indentation shape noted 
in section 5.4.3. EerNisse ( 1974) found that a tensile surface stress was 
pr oduced in silica glass by implantation to doses -1014ions cm-2• The most 
likely structural explanation for these apparently conflicting results is 
that the initial effect of implantation is partial structural collapse, 
leading to · a compaction; at higher doses , the 'stuffing' effect of t he large 
number of implanted atoms gives a surface expansion and thus a compressive 
str ess . 
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FIGS. 5.4.4.1 Indentation fracture in silica glass: (a),( b) Optical 
micrographs of 1kg, 500g, 300g, 200g and 100g indentations on (a) 
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(secondary electron) images, 100g indentations on ( c) Un implanted; ( d) 
I mpl anted, dose 4x1o 17 N2 cm-2, material. (e) SEM stereo pair (30°& 
40° til ts) of Hertzian-type fracture around 1kg indentation in 
unimpl anted silica glass. Indentation-edge and surface ring fracture is 
su ppr essP.d around low-load indentations by high-dose i mpl antation. 
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FIGS. 5.4.4.1 Indentation fracture in silica gl ass: (a),( b) Optical 
micrographs of 1kg, 500g, 300g, 200g and 100g indentations on (a) 
Unimplanted ; (b) Implanted, dose 4x10 17N2 cm-2, , material. (c),(d) SEM 
(11econdary electron) images, 100g indentations on (c) Unimplanted; (d) 
Implanted , dose 4x1o 17N2 cm-2 material. (e) SEM stereo pair (30°& 
40° ti 1t11) of Hertzian-type fracture around 1 kg indentation in 
unimplanted 11111ca glass. Indentation-edge and surface ring fracture is 
suppre11sed around low-load indentations by high-dose implantation. 
-5.5 Experiments with Nitrogen-implanted Lithium Fluoride 
5.5.1 Materials Description 
Lithium Fluoride (LiF) is an ionic solid with the sodium chloride 
crystal structure. It cleaves readily on {100} and less easily on {110}; 
large single crystals of known orientation can be easily prepared. Since 
the initial study of Gilman and Johnston ( 1957), who showed how etching 
could reveal the positions of dislocations, the relationships between 
dislocation behaviour and macroscopic mechanical properties of LiF have 
been extensively researched. The principle slip systems are { 110 }<HO>. 
Microhardness indentations produce large dislocation loops on { 110} 
planes, which can be revealed by suitable etching as 'rosettes', as 
reviewed by Hockey (1973). The geometry of such a rosette is shown in fig. 
5.5.1.1. and a typical rosette is shown in fig. 5.5~2.1a. Rosette diameters 
for indentations in the load range used here (5-200g) ranged from 20 to 
200pm ( see 5;5~2); 
Plastic flow in LiF is known to be affected by ionising radiation, 
which produces 'colour centres'. These are localised electrically charged 
defects of various configurations [ eg. Kittel ( 1976) ]. Dislocations in 
ionic materials have electrically complicated core structures; in 
particular, kinks and jogs have an associated charge. Dislocations can 
therefore be strongly pinned by charged defects, and so lithium fluoride 
can be hardened by X-irradiation [Whapham (1957)], [Catlow et al. (1980)]. 
By contrast with X-radiation, ion implantation would be expected to 
produce displacement damage rather than ionisation. The affected layer 
would al so be very thin compared with the penetration of X-rays; the 
intensity is proportional to e-depth/0.3mm in LiF for CrKoc: [MacGillavry 
and Rieck (1962)]). In this study, the effects of implantation alone and of 
implantation combined with X-irradiation were ex~mined by microhardness 
testing and etching. 
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FIG. 5.5.1 . 1 Slip planes in LiF, intersecting at 
an indenter. Dislocation 
loops on these pl anes can be etched on the ind
ented surface to form a 
'rosette'. 
FIGS. 5.5.2.1 Rosettes around 200g indentations
 in LiF: (a),( b) Optical 
micrographs ; (c) ,(d ) SEM (secondary electron) images; (a),(c
) Unimplanted 
LiF; (b) ,(d) Dose 6x10 17N2 cm-2 . Note radial cracks in implanted LiF, and 
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Specimens were prepared by cleavage from larger crystals. The 
implanted specimens were cleaved immediately before implantation in the 
'Pimento' machine ( see 4.1.1) and subsequently kept in a well-sealed box 
containing absorbent silica gel. This was to avoid contamination of the 
active surfaces by water vapour, which degrades the surface finish and can 
alter the hardne~s behaviour [Sargent (1979)]. Etching was performed in 
saturated FeF3 solution at 70°c; production of good etch
 pit rosettes took 
2-10 mins, the implanted specimens in particular needing longer etching 
times. The specimens were examined by light microscopy and SEM. For the 
latter, a sputtered coating of gold was applied, and this was found also to 
improve contrast in the optical microscope. 
5.5.2 Microhardness Testing of Nitrogen-implanted LiF 
Tests were performed on freshly-cleaved, unimplanted lithium 
fluoride and on material implanted to a dose of 6x1017N2 cm-2. A load 
range of 5-200g was used; the indentation diagonals were aligned parallel 
to <1 OO>. Results are shown below: 
Dose 
zero 
Meyer index 
1. 99 ±o. 05 
1. 99 ±o. 06 
8 10µm 
112 :!:8 
110 :!:9 
8200g 
112 :!:4 
107 ±3 
It can be seen that no changes in the microhardness behaviour are produced 
by implantation. 
It was thought that this null result might be due to the difference 
in scale between the dislocation loops produced by the indentation process 
and the implantation-affected layer . Whatever the mechanical properties of 
a disordered ionic solid, a layer less than a micron deep would not be 
expected to change the motion of large (10-100um deep) dislocation loops. I 
This is particularly the case if, as has been proposed by Swain and Lawn 
( 1969), the dislocation loops are nucleated some distance beneath the 
surface. In order to check this possibility, the samples were etched as 
described in section 5.5~1 and the resultant rosettes examined ( see figs. 
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5.5.2.1). The rosettes on the unimplanted specimens were well-formed with 
individual dislocation etch pits easily visible. Those on the implanted 
specimen were rather ill-defined. The etched area appeared to have linear, 
rather than point, features. The short rosette arms in the <100> 
directions, present on the unimplanted specimens, were not visible on the 
implanted specimens~ SEM examinatioi showed these differences in etching 
behaviour more clearly; the action of the etchant inside the indentations 
could also be observed ( see figs. 5.5.2.1c,d). The rosettes on the implanted 
specimen seem to consist of ripples~ roughly parallel to the indentation 
edges. Similar rosette structures were produced on specimens implanted to 
doses of 2 and 4x10 17N2 cm-2 ~ These surface rippples are probably caused 
by a large number of dislocation loops ending in the disordered layer, 
just below the surface; however, their linear nature is not easy to 
explain. 
Comparison of rosette sizes showed that the rosettes in the 
implanted specimens were slightly smaller than those on the implanted 
specimens. However, the rosette ends in the implanted material were very 
poorly defined, and the difference could easily be due to measuring 
difficulties. Attempts were made to measure the rosette size beneath the 
implanted layer by vibropolishing the specimens so as to remove -112um of I 
the surface. However, even this relatively gentle polishing treatment 
introduced enough surface damage to affect the etching behaviour severely, 
and measurement of the rosette sizes was impossible because of the high 
etch pit density over the whole surface. The unimplanted and the implanted 
specimens appeared identical after such treatment. 
Differences could be seen in the indentation fracture behaviour of 
implanted and unimplanted specimens. Indentations in the unimplanted 
material showed no fracture, even at the highest loads. Indentations in the 
implanted material, even at the minimum load (5g), and dose 
(2x10 17N2 cm-2 ) used, showed radial cracking. The cracks extended in the 
<100> directions from indentation corners; some low-load indentations also 
showed cracking along <11 O>. The crack lengths were measured and the 
results are shown in table 5.5.2a. It is unlikely that implantation affects 
simply the crack growth, since no cracks were observed even at the highest 
load on the unimplanted material. Implantation must alter the crack 
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TABLE 5. 5. 2a 
Crack Lengths in Implanted LiF 
Indenting Load Indentation Diagonal 
( g) 
200 
100 
50 
25 
Cµm) 
59 ±2 
40 ±2 
30 ±1 
20 ±1 
Crack lengths are total end-to-end lengths, 
including the indentation diagonal. 
Crack Length 
(µm) 
140 ±20 
90 ±10 
50 ±5 
41 ±5 
nucleation. Two possibilities exist: 
i) Cracks nucleate beneath the surface, in normal material; the stress 
field associated with implantation facilitates crack nucleation ( the 
stress field is compressive at the surface, but may have tensile and shear 
components at greater depths). 
ii) Cracks nucleate at the surface; the implanted material has a lower 
fracture toughness than normal LiF. 
So as to distinguish between these two possibilities, attempts were 
made to prepare specimens cross-sectioned through indentations, as 
described in section 4.4.2. However, there was a strong tendency for 
specimens to cleave along random <100> planes rather than those through 
the indentations, and so only one specimen (of dose 2x1017N~ cm-2 ) was 
successfully prepared. Examination of the specimen ( see figs. 5.5.2.2) 
suggested that surface nucleation of the cracks had occurred, on each side 
of the indentation separately, and so that implanted LiF has a lower 
fracture toughness than unimplanted LiF. Etching of the specimen showed 
the penetration of dislocation loops into the material. 
5.5.3 Implanted and X-irradiated Lithium Fluoride 
As ion implantation would be expected to produce some displacement 
damage even at depths large compared with . the mean ion range, some 
implanted specimens (dose 6x1017N2 cm-2 ) were subsequently X-irradiated 
so as to investigate the interactions of displacement and ionisation 
damage. Unimplanted specimens were also X-irradiated. 
The specimens were mounted on a slotted lead sheet so that a region 
approximately 3mm in width in the centre of each specimen was exposed to 
the X-rays. The implanted specimens were , oriented with the implanted 
surface facing the beam. The radiation used was CrKc/"- = 2.291 ~) from a 
Siemens Sequential X-ray Spectrometer, using a Kristalloflex 4 source 
operating at 50kV and 40mA. Exposure was for 7 hours. 
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FIGS. 5.5.2.2 Broken-open 200g indentations in LiF, do s e 2x 1 O l
 7 N2 cm-2 , 
after etching. Optical micrographs. Cracks appear to be clo
se to the 
surface, and to have nucleated seperately on ech side of the in
dentation. 
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Ca) ( b) 
FIGS. 5.5.3.1 X-irradiated LiF. The thinnest two specimens ( rightmost in 
(a)) were pre-implanted to 6x1017N2 cm-2 . These specimens are dark 
throughout . The unimplanted LiF specimens show a rapid decrease
 in colour 
d~nsity with depth. 
Initial examination of the samples showed a surprising difference 
between the pre-implanted and the normal LiF (see figs. 5.5.3;1). The 
unimplanted specimens were dark brown in colour near to the exposed 
surface, fading rapidly to yellow over a depth of -1mm. The implanted 
specimens were dark right through their thickness, with only a slight 
attenuation in colour with depth. This can only be attributed to the 
effects of ion channelling ( see 2.1.2). Only a very small fraction of the 
incident nitrogen coul d be channelled to any depth along the <100> 
direction, but enough seem to do so, producing displacement damage when 
finally dechannelled, to produce the vacancies required to form colour 
centres on X-irradiation. It is quite remarkable how effective the process 
is, producing a deep colour even at 1-2mm depth. 
Since such strong colour effects were produced, it was decided to 
investigate the hardness of implanted/irradiated crystals in 
cross-section. Rosette sizes coul d then be easi l y measured as all tests 
would be carried out on crystalline material. Crystals were cleaved normal 
to the implanted and/or irradiated surface. Indentations were made at a 
load of 25g in a line that traversed the irradiated zone at constant depth 
(75um), and in a line going into the depth of the crystal. Results of the I 
hardness measurements are shown in fig. 5.5~3.2. It can be seen that 
pre-implanted and unimplanted specimens are indistinguishable in their 
hardness behaviour. 
The specimens were then etched and the rosette sizes measured. Data 
from indentations to a depth of 1mm are shown in fig. 5. 5.3.3. It can be seen 
that the rosettes in the pre-implanted specimens are consistently smaller 
than those_ in the unimplanted specimen, but that the difference is small 
except within the -150pm nearest to the irradiated surface. This depth is 
still -3oox that of the peak ion range. The small reduction in the size of 
rosettes in the preimplanted specimen at depths greater than 150pm might 
be dismissed as being within experimental error were it not that the 
direction of the change is consistent with that seen near the surface, and 
that the unimplanted crystal is slightly harder than the implanted crystal 
in the unirradiated region ( see fig. 5.5.3.2). 
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The changes in rosette size at depths up to 1mm in the pre-implanted 
specimens were much less marked than the changes in colour, thus 
indicating that the colour centres inhibiting dislocation motion are not 
exclusively those causing the colour change. Also, the centre producing 
the yellow colour (by absorption of blue light at -3.5 eV) must have a more 
complex structure than the simple F-centre of energy -5.0 eV [Kittel 
( 1976) J. It is probable that more simple than complex colour centres exist, 
and thus that these are the ones most contributing to the restriction of 
dislocation motion. 
5.5.4 Summary of Results for Lithium Fluoride 
The results given in more detail and discussed in sections 5.5.2 and 
5.5.3 may be summarised as follows: 
i) Ion implantation alone does not affect the hardness or rosette 
sizes on the implanted surface, up to a dose of 6x10
17N2 cm-2; 
ii) Implantation produces microstructural change in the surface that 
alters the etching behaviour; 
iii) The implanted surface has a lower fracture toughness than the 
unimplanted material; 
iv) Pre-implanted X-irradiated specimens show an accentuated rosette 
size reduction in the irradiated zone compared with unimplanted 
irradiated samples. The effect persists significantly to a depth of 
-15oµm; 
v) Colour changes in the X-irradiated zone persist to a far greater 
depth in the pre-implanted specimens. This effect is probably due to 
channelling" of a small fraction of the implanted ions . 
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i) Ion implantation alone does not affect the hardness or rosette 
sizes on the implanted surface, up to a dose of 6x10 17N2 cm-2; 
ii) Implantation produces microstructural change in the surface that 
alters the etching behaviour; 
iii) The implanted surface has a lower fracture toughness than the 
unimplanted material; 
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CHAPTER 6 
SUMMARY, DISCUSSION, CONCLUSIONS, 
AND SUGGESTIONS FOR FURTHER WORK 
6. 1 Summary of Results 
The results given in detail in chapter 5 may be classified as 
follows: 
i) Microstructural observations; 
ii) Effects of ion implantation on plastic flow; 
iii) Effects of ion implantation on fracture behaviour; 
iv) Miscellaneous. 
6.1.1 Microstructural Effects of Ion Implantation 
i) Both boron- and nitrogen-implanted silicon carbide ( originally 
hexagonal) have microcrystalline near-surface microstructures. These 
changes occur at the lowest dose used for nitrogen implantation 
(1017N2 cm-2 ), and probably also at the lowest dose for boron 
implantation. Diffraction patterns from the differently doped surfaces 
indicate that the polytype mixtures present in the B-implanted and the 
N-implanted materials are not identical ( see 5.1. 7). 
ii) After deformation by a diamond scriber, both nitrogen- and 
boron-implanted silicon carbide transform to a cubic phase ( see 5.1.7). 
iii) Silicon is rendered non-crystalline at the surface by doses of 
nitrogen as low as 1015N2 cm-2(see 5.2;6). TEM examination shows no change 
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in the diffraction patterns (characteristic of amorphous material) over 
the dose range 1017-8x1017N2 cm-2 (see 5.2.7) . 
iv) Tungsten carbide is rendered microcrystalline at the surface by 
implantation to doses 4x10 17N2 cm-2and above. The microcrystals are 
grouped together in regions of one preferred orientation within the 
original grains. In pin-on-disc specimens, these regions are oriented 
along the wear direction ( see 5.3.5) . 
6.1.2 Effects of Ion Implantation on Plastic Flow 
i) Nitrogen implantation into silicon carbide produces an appreciable 
surface softening. This softening becomes effective at doses greater than 
-4x1017N2 cm-2 . The effect is the same in both single crystal and reaction 
bonded (REFEL) silicon carbide ( see 5.1.3). 
ii) Boron implantation into single crystal silicon carbide up to a dose 
of 16x10 17s+ cm-2produces no significant changes in the microhardness 
behaviour ( see 5.1.6). 
iii) Nitrogen implantation into silicon produces a surface softening at 
doses greater than -4x1017N2 cm-2. The effect is not as large as in 
nitrogen-implanted silicon carbide ( see 5.2.2). 
iv) Dislocations are visible beneath abrasion tracks (plastic grooves) 
made by diamond paste abrasion in unimplanted silicon. In the implanted 
material (all doses in the range 1017-8x1017N2 cm- 2 ), a non-dislocation 
process operates; the abrasion grooves lie entirely within non-crystalline 
material (see 5. 2.7). 
v) Nitrogen implantation into cobalt produces a softened surface 
layer at doses in the range 4x10 16-2.4x10 17N2 cm-2 Csee 5.3.6). 
vi) The microhardness behaviour of WC-Co composite , silica glass and 
Metglas 2826A is not noticeably changed by implantation with nitrogen up 
to doses of 6-8x10 17N2 cm-2 ( see 5.3.3, 5.4.3, 5.4. 1). 
vii) The microhardness behaviour of LiF is not changed by implantation 
up to a dose of 6x1017N2 cm-2. However, dislocation rosettes are reduced in 
size in implanted and X- i r radiated material within -150um of the surface 
I 
( see 5~5.2, 5.5.3). 
146 
6.1.3 Effects of Ion Implantation on Fracture Behaviour 
i) The surface breakout, and possibly the nucleation, of lateral 
cracks around indentations in silicon carbide is reduced by nitrogen 
implantation. The effect increases progressively over the dose range 
10 1 7 -8 x 10 1 7 N 2 cm - 2 ( see S. t 4 ) : 
ii) Boron implantation into single crystal silicon carbide reduces 
lateral fracture breakout, but not its nucleation or extent. Cracks 
approaching the surface are deflected at a depth of -3um (see 5.1:6). I 
iii) Lateral chipping fracture around low-load ( 10-50g) single-point 
scratch tracks in silicon carbide is almost completely suppressed by 
implantation with boron or nitrogen. This suppression is effective even at 
the lowest doses used (2x10 17ions cm- 2 ) (see 5;1.5, 5; 1.6). 
iv) Lateral fracture breakout around indentations is suppressed in 
silicon by nitrogen implantation. The effect increases in strength 
progressively with increasing dose over the range 1017-8x10 17N2 cm-2. The 
cracks still extend beneath the surface even in heavily implanted material 
(see 5.2.3). 
v) Median/radial fracture is not affected Jn silicon in occurrence 
and extent up to a dose of 8x10 17N2 cm-2 (see 5;2.3); 
vi) In WC-Co, the incidence of fracture within indentations, parallel 
to and close to the indentation edge, is increased by nitrogen 
implantation to a dose of 4x1017N2 cm-2 ( see 5.3.3). 
vii) In silica glass, near-indentation fracture, both of the incipient 
cone-crack type and at the indentation edges, is reduced in occurrence by 
implantation to a dose of 4x1017N2 cm-2. This effect is only noticeable 
around low-load indentations; at high loads C>'200g) Hertzian cone-type 
fracture is seen at all doses ( see 5.4.4). 
viii) Lithium fluoride, implanted to 2x1017N2 cm-2and above, showed 
radial fracture around indentations made with loads as low as 5g. No such 
fracture was visible on unimplanted material, even at loads of 500g. 
Examination of a cross-sectioned specimen indicated that the cracks form 
and grow close to the surface ( see 5.5.2). 
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6.1.4 Miscellaneous Hesul ts 
i) All heavily implanted (~4x1o 17ions cm-2 ) specimens showed signs of 
surface sputtering, in the form of fine-scale surface roughness and 
etching. In HEFEL; it was estimated that -o.3µm of material had been 
removed at a dose of 8x10 17N2 cm-2~ Such sputtering reduces the amount of 
dopant retained in the surface ( see 5.1.2). 
ii) Implantation to the lowest dose used in HEFEL (10 17N2 cm-2 ) 
suppressed the SEM secondary electron contrast normally seen between 
original and epitaxial SiC (see 5.1.2). 
iii) Boron-implanted silicon carbide developed crystallographically 
oriented pits over a period of a few months (see 5.1.6). 
iv) Laser 'annealing' of high-dose nitrogen-implanted silicon removed 
the surface to a depth of -o.5µm (see 5.2.5)~ 
v) SEM examination of implanted and unimplanted WC-Co pin-on-disc 
specimens showed very few differences between them, apart from the depths 
of the wear tracks. Within the tracks, fine scale grooving along the wear 
direction could be seen. However, tracks on the implanted material 
appeared lighter than their surroundings; those on the implanted material 
appeared darker ( see 5.3.4). 
vi) Implantation affected the etching behaviour of lithium fluoride. 
Arrays of linear features, rather than the normal etch pit rosettes, were 
produced by etching indented specimens ( see 5.5.2). 
vii) X-irradiation of pre-implanted LiF produced greatly enhanced 
colouring; crystals appeared dark to a depth of -1.5mm (see 5.5.3). 
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6.2 Discussion and Conclusions 
The major results of this study are discussed below. Where possible, 
results from different materials are correlated with one another. In some 
cases, more detailed discussions of the results for individual materials 
are to be found in the appropriate section of chapter 5. 
6.2.1 Plastic Flow in Silicon and Silicon Carbide 
The key result here is the different ISE behaviour of nitrogen- and 
boron-implanted silicon carbide. These dopants are so similar in atomic 
mass and size that the physical characteristics of the implanted layers is 
probably nearly identical, and so the different semiconductor doping 
properties of these dopants must be the most significant factor. It is 
known that doping affects dislocation mobility in silicon, with both p-
and n-type dopants tending to increase dislocation mobility; however, in 
germanium, p- and n-dopants have opposite effects on dislocation mobility 
[Hirsch (1981)]. It is possible that the situation in silicon carbide is 
similar to that in germanium, with n-doping (nitrogen) having a strong 
effect, and p-doping (boron) only a very small effect on dislocation 
mobility. Such a mechanism would also fit the observation that the effect 
of nitrogen implantation on the ISE behaviour of silicon is smaller than 
the effect in silicon carbide. The band gap in SiC (2-3eV) is larger than 
that in silicon ( 1.1eV) and the strength of the doping effect on the 
dislocation mobilities depends on the relative positions of the Fermi 
level and ener·gy levels associated with dislocations and kinks, etc ., in 
the band gap. However, the observation by Burnett (1982) that 
silicon-implanted silicon also has a higher Meyer index than unimplanted 
silicon indicates that such a doping effect may not be the only one acting, 
and that (at least in silicon) amorphous or microcrystalline solids may 
have lower flow stresses than their crystalline counterparts. 
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The processes by which near-surface plastic flow occurs in 
implanted silicon and silicon carbide are obscure. It is possible that 
flow occurs by a shear-band mechanism, similar to those known to exist in 
metallic and inorganic glasses, but the TEM observations performed in this 
study did not reveal any such deformation structures. The microcrystalline 
to cubic phase change observed in boron- and nitrogen-implanted SiC after 
deformation indicates that the cubic polytype is the low- temperature 
stable form of Si C, whatever the doping, and that the phase change has no 
significant effect on the microhardness behaviour. 
The existence and magnitude of the 'critical dose' c-4x10 17N2 cm-2 ) 
for changes in the ISE behaviour of silicon and silicon carbide is 
difficult to explain. The behaviour of silicon has been attributed by 
Burnett ( 1982) to an interaction between the size of the indentation 
plastic zone and the amorphous layer thickness. However, such an 
explanation cannot account for the observed behaviour of 
nitrogen-implanted Si C, where the change in morphology of the indentations 
is very marked at the critical dose. Below this dose , cracks occur at the 
indentation edges, whereas above it, a thin, highly plastic layer is 
visible. The critical dose in nitrogen-implanted Si C cannot be connected 
with amorphisation of the surface, as this is observed to occur at much 
lower doses, and also in boron-implanted material. 
6.2.2 Microhardness Behaviour of Cobalt and Wear of WC-Co 
The results of microhardness tests on cobalt were unexpected, as 
implantation _has generally been found to produce surface hardening in a 
wide variety of metals ( see 2.4, 3.1.1). It is probable that this behaviour 
is connected with the unusual crystallography of cobalt, which has a very 
low stacking fault energy and exists in two polymorphic forms, the 
metastable one of which ( fee) can persist in large quantities at room 
temperature. Based on this , there are two possible .mechanisms for the 
observed softening: 
i) Nitrogen implantation might increase the stacking fault energy of 
cobalt. The lower the stacking fault energy of a material, the greater the 
tendency to work-harden, as cross-slip is restricted. If cobalt were to 
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work-harden less rapidly in the implanted layer, this could account for 
the observed ISE behaviour 
ii) Nitrogen implantation might alter the balance of metastable fee: 
stable hep material present (dissolved nitrogen is known to stabilise the 
fee phase) in favour of the fee phase, so that an fee-hep transformation 
could act as an additional yielding mechanism on indentation. 
In the absence of microstructural evidence, however, no definite 
conclusions can be drawn. Also, the cabal t actually present as binder 
material in the we-eo composite is highly impure, with high concentrations 
of carbon and tungsten, at least. It might be that the results of 
implantation on the binder material might be different from those in pure 
cobalt. Furthermore, the results from examination of pin-on-disc specimens 
(see 5.3.5, 5.3.6) indicate that the wear processes in we-ea discs operate 
on a scale much finer than the carbide grain size, and involve plastic 
deformation of the surface of the carbide grains in both implanted and 
unimplanted material. It is therefore probable that the observed 
microcrystalline microstructure of implanted we controls the wear reponse 
in pin-on-disc t~sts, especially considering the observed alignment of the 
the bands of similarly oriented microcrystal s with the wear direction. 
However, it appears difficult to fit in with such a scheme the results of 
Pethica ( 1982), who found that the surfaces of we grains were softened by 
nitrogen implantation, and the results of Dearnaley and Hartley ( 1978), 
who found that the wear rate reduction persisted even after the implanted 
layer had been worn away. 
6.2.3 Microhardness Behaviour of Amorphous Materials 
The hardness behaviour of both the silica glass and the metallic 
glass (Metglas 2826A) was not changed by implantation to high doses. The 
result for the metallic glass indicates that the implantation has not 
altered the (non-) crystalline structure of the material, as the formation 
of pile-up near the indentation is very sensitive to this [Patterson et 
al. (1978)]. Further, Sargent and Donovan (1982) suggest that pile-up 
occurs because of the relative ease of shear-band formation near the free 
surface; it was proposed that local dilation associated with the shear 
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band formation would be easier here, as tensile stresses exist from the 
indentation stress field. If, as is likely, ion implantation introduces 
compressive stresses into the surface, then this model would indicate that 
pile-up should not be produced in implanted material. It is unlikely that 
the metallic glass could spontaneously reduce the implantation stresses 
without changing its crystallinity, in which case pile-up would also not 
be observed. Thus, while the presence of surface compressive stresses is 
not certain, it appears that neither these nor the high concentrations of 
nitrogen present affect the yielding/flow behaviour. 
The same appears to be the case for the silica glasses, though here 
the fracture behaviour ( see below) indicates that compressive stresses 
exist in the surface. However, the mechanism of plastic flow in this 
material is even more obscure than in metallic glasses. It may be that 
compaction occurs during flow beneath hardness indenters; if so, the 
influence of displacement damage and 'ion stuffing' on such processes 
appears to be negligible. 
6.2.5 Microhardness Behaviour of Lithium Fluoride 
A fuller discussion of these results is presented in section 5.5. The 
conclusions may be summarised as: 
i) Ion implantation does not noticably affect the microhardness 
behaviour. The yield volume (as seen in the size of dislocation loops 
around i ndentations) is ver y larg e compar ed to the implanted layer 
thickness , so that even if plastic flow was different in the implanted 
layer, it wou~d be unlikely to be detectable by microhardness testing . 
ii) Ion implantation followed by X-irradiation forms more colour 
centres than X-ir radiation alone, because of the displacement damage 
produced by implantation . Channelling can enhance the depth range over 
wh i ch t h i s occur s . The colour c entr es r estr i ct d islocation motion i n the 
r osettes around indentat i ons . The variation wi t h dept h of r osette size and 
c olour density do no t matc h, the effect on r ose t te si ze being much 
shallower , indicating that the defects producing the observed col our are 
not exclusively those restricting the dislocation motion. 
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6.2.6 Effects of Ion Implantatation on Fracture Behaviour 
With two exceptions (in WC-Co ( see 5.3.3) and LiF ( see 5.5.2)), the 
changes produced in fracture around indentations or scratch tracks were 
always in the reduction of broken-out lateral type fracture. A variety of 
effects seem to be operating: 
i) The surface stress field produced by implantation prevents 
breakout of lateral fracture (see 5.1.4, 5.1.5, 5.1.6, 5.2.3, 5.2.4). This is 
particularly well evidenced by the broken-open boron-implanted SiC 
specimens (see 5.1.6)~ Also, these stresses appear to reduce the incidence 
of ring cracks around low-load indentations in silica glass ( see 5.4.4). 
ii) It appears that the nucleation of lateral fracture in SiC may be 
reduced by nitrogen implantation, but not by boron implantation. This is 
possibly connected with increased plasticity in the surface of the 
nitrogen-implanted SiC (see 5.1.4, 5.1.6). 
iii) The reduction in the occurrence of broken-out lateral fracture 
increases steadily with dose over the ranges used in both silicon and 
silicon carbide (also for ring cracks in silica glass). Suppression of 
lateral chipping ~round scratch tracks generally occurs at lower doses 
(1017ions cm-2 ). This is probably because of the relatively low loads used 
in the scratch tests; any lateral fracture would be nucleated much closer 
to the surface than in the indentation tests. Since both boron- and 
nitrogen-implanted SiC show similar reductions in chipping, such 
reductions cannot be due exclusively or even predominantly to the surface 
softening observed in nitrogen-implanted Si and SiC (see 5.15, 5.1.6, 5.2.4). 
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6.3 Suggestions for Further Work 
Since all the work described in this thesis consists of preliminary 
studies of the effects of ion implantation on the mechanical properties of 
a wide range of materials, the possibilities for further work are very 
large. Nonetheless; there are some obvious areas of further study, leading 
more or less directly from the work described here, which appear 
particularly interesting: 
i) The connections between doping and mechanical properties of 
semiconducting materials could be further investigated by implantation of 
a wide variety of p- and n-type dopants, particularly into materials with 
with large band gaps ( eg. Si C, diamond). 
ii) Studies of the effects of self- and neutral-ion implantation into 
brittle materials would be useful in the investigation of the influence of 
the stress state alone on the near-surface fracture behavj_our, and also 
the effect of displacement damage alone on plastic flow. 
iii) More extensive TEM studies would be required to elucidate the 
mechanisms of plastic flow within the implanted layer. 
iv) A good deal more work would be required to determine the wear 
mechanisms operating in WC-Co, and the effect of nitrogen implantation on 
these. Experiments of the types (i)-(iii) above on WC single crystals 
would be particularly useful here. 
v) · Study of the variation of microhardness, scratch behaviour and 
microstructure with annealing time and temperature might yield 
interesting results, particularly if coupled with the use of analytical 
techniques such as RBS. In this way, the influences of dopant and of 
microstructu~al damage on the behaviour of implanted surfaces might be 
better distinguished. 
vi) Study of the microhardness behaviour of implanted surfaces would 
be more complete if data from lower load indentations could be included 
( ie. at indentation depths of less than -o.1µm). The use of a 
displacement-controlled, rather than the normal load-controlled, type of 
microhardness machine would be useful here. Such data could possibly be 
used, in combination with cross-section TEM, RBS, etc., to gain information 
about the layered structure of the implanted surface seen in this study. 
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The work described in this thesis has shown that high-dose 
implantation into a variety of material types can produce measurable, and 
sometimes large, changes in their surface mechanical properties. Study of 
the mechanical response of ion implanted surfaces can give insights into 
the factors controlling indentation behaviour, etc ; In addition to being 
scientifically interesting, the possibility of influencing the surface 
reponses of hard, brittle materials by implantation could have important 
industrial applications. The work described here has indicated a few areas 
of interest, but the possibilities for further research in this general 
area are virtually limitless. 
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